HIGH  TEMPERATURE 
SUPERCONDUCTING  FILMS 
AND  MULTILAYERS  FOR 
ELECTRONICS 

John  R.  Gavaler  and  John  Talvacchio 
Cryoelectronic.  Crystal,  and  Electro-Optical  Technology 


Final  Report  for  the  Period 

February  21.  1991  to  February  20.  1994 


AFOSR  Contract  No.  F49620-91-C-0034 
Research  Sponsored  by  the 
Air  Force  Office  of  Scientific  Research 
Air  Force  Systems  Command 
United  States  Air  Force 


April  19,  1994 


Approved  for  public  release,  distribution  unlimited. 


Westinghouse  STC 
1310  Beulah  Road 

Pittsburgh.  Pennsylvania  15235-5098 


Security  classification  of  this  page 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


la.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 

Unclassified 


2b.  OECLASSIFICATION/OOWNGRADING  SCHEDULE 

N/A 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


1b  RESTRICTIVE  MARKINGS 


94-9SL2-SUPER-R1 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Westinghouse  Science  & 
Technology  Center 


6c  ADDRESS  {City,  State,  and  ZIP  Code) 

1310  Beulah  Road 
Pittsburgh,  Pennsylvania 


6b.  OFFICE  SYMBOL 
(If  applicable) 


15235-5098 


8a.  NAME  OF  FUNDING /SPONSORING 

ORGANIZATION  Air  Force  Office 
of  Scientific  Research 


S  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 

TO-TR*  9  4  0  3  07  _ 


7a.  NAME  OF  MONITORING  ORGANIZATION 

DCASMA  Pittsburgh  53111A 


7b  ADDRESS  (Ofy,  State,  and  ZIP  Code) 

1626  William  S.  Moorhead  Federal  Building 
1000  Liberty  Avenue 

Pittsburgh,  Pennsylvania  15222 _ 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

F49620-91-C-0034 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROJEa 
NO.  . 


43o6  63 


11.  TITLE  (Inctude  S/Pcurrty  CUssificstion} 

HIGH  TEMPERATURE  SUPERCONDUCTING  FILMS  AND  MULTILAYERS  FOR  ELECTRONICS 


12.  PERSONAL  AUTHOR(S> 

Gavaler,  J.  R.  and  Talvacchio,  J.  _ 


13a.  TYPE  OF  REPORT  13b  TIME  COVERED  14.  DATE  OF  REPORT  (Yaar.  Month,  Day)  15.  PAGE  COUNT 

Final  from  2-21-91  to  2-20-94  1994  April  19 _ 223 


16.  supplementary  notation 


17.  COSATI  COOES 


FIELD  GROUP  SUB-GROUP 


18.  SUBJECT  TERMS  (Continue  on  ravtrra  If  necessary  and  identify  by  block  number) 

superconductors,  yttrium,  barium,  copper,  oxides,  high, 
critical,  temperature,  thin  films,  tunneling,  barriers, 
sputtering  _ _ _ 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


The  overall  objective  of  this  program  was  to  develop  a  materials  and  fundamental  device  base  for  high-transition- 
temperature  superconducting  (HTS)  electronics  capable  of  operating  at  >  50K.  Progress  is  reported  on  four  tasks  which 
address  problems  fundamental  to  the  understanding  of  the  superconducting  state  in  HTS  films,  the  application  of  HTS 
films  in  passive  microwave  circuits,  the  realization  of  HTS  digital  electronics,  and  the  development  of  new 
superconducting  devices.  Large-area  epitaxial  YBCO  films  with  low  rf  losses  developed  under  this  program  and 
techniques  for  depositing  them  on  both  sides  of  single-crystal  substrates  were  used  in  other  Westinghouse  and 
government-funded  programs  to  develop  HTS  channelized  filteibanks,  delay  lines,  UHF  antenna  matching  networks,  and 
iow-phase-noise  resonators.  An  understanding  was  achieved  of  the  role  of  oxygenation  during  film  growth  and  the  effect 
of  film  microstructure  on  rf  losses.  For  HTS  digital  circuit  fabrication,  both  active  devices  step-edge  and  edge-type 
YBCO  Josephson  junctions  and  trilayer  BKBO  junctions  and  passive  structures  were  developed,  such  as  crossovers, 
vias,  and  contacts.  These  capabilities  were  transferred  to  other  Westinghouse  and  government-funded  programs  which 
demonstrated  the  first  HTS  SFQ  circuits  and  SQUlDs  with  integrated  ground  planes. 


20.  DISTRIBUTION /availability  OF  ABSTRACT 
□  UNCLASSIFIEO/UNLIMITEO  KI  SAME  AS  RPT.  □  OTIC  uiERS 


2ia  NAME  OF  RESPONSIBLE 


21  ABSTRACT  SECURITY  CLASSIFICATION 


rniWiBE 


rrsrTT: 


:E,  SYMBOL 


aura 


DO  Form  1473,  JUN  86 


Previous  editions  are  obsolete. 


m 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 

Unclassified 


Qualified  requesters  may  obtain  additional  copies  from  the  Defense  Documentation 
Center;  all  others  should  apply  to  the  Clearinghouse  for  Federal  Scientific  and 
Technical  Information. 


Reproduction,  translation,  publication,  use  and  disposal  in  whole  or  in  part  by  or  for 
the  United  States  Government  is  permitted. 


iooasslon  For  1 

1  RTTS 

«P-A41 

1  DTTC 

TAB 

□ 

UnasiTiOWiCGd 

□ 

oat.J  on  1 

By _ 

ij 

Availability  Oodofl 

/yiril 

and/cr  | 

% 

S-poclfO.  1 

1 

1 


1.  ANNUAL  REPORT:  HIGH-TEMPERATURE 
SUPERCONDUCTING  FILMS  AND 
MULTILAYERS  FOR  ELECTRONICS 

February  21, 1991  to  February  20, 1994 
AFOSR  Contract  No.  F49620-91-C-0034 
J.  R.  Gavaler  and  J.  Talvacchio 


2.  ABSTRACT 


The  overall  objective  of  this  program  was  to  develop  a  materials  and 
fundamental  device  base  for  high-transition-temperature  superconducting  (HTS) 
electronics  capable  of  operating  at  >  50K.  Progress  is  reported  on  four  tasks  which 
address  problems  fimdamental  to  the  understanding  of  the  superconducting  state  in 
HTS  films,  the  application  of  HTS  films  in  passive  microwave  circuits,  the  realization  of 
HTS  digital  electronics,  and  the  development  of  new  superconducting  devices.  Large- 
area  epitaxial  YBCO  films  with  low  rf  losses  developed  under  this  program  and 
techniques  for  depositing  them  on  both  sides  of  single-crystal  substrates  were  used  in 
other  Westinghouse  and  government-funded  programs  to  develop  HTS  channelized 
filterbanks,  delay  lines,  UHF  antenna  matching  networks,  and  low-phase-noise 
resonators.  An  understanding  was  achieved  of  the  role  of  oxygenation  during  film 
growth  and  the  effect  of  film  microstructure  on  rf  losses.  For  HTS  digital  circuit 
fabrication,  both  active  devices  —  step-edge  and  edge-type  YBCO  Josephson  jimctions 
and  trilayer  BKBO  junctions  —  and  passive  structures  were  developed,  such  as 
crossovers,  vias,  and  contacts.  These  capabilities  were  transferred  to  other 
Westinghouse  and  government-funded  programs  which  demonstrated  the  first  HTS 
SFQ  circuits  and  SQUIDs  with  integrated  groimd  planes. 
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3.  OBJECTIVES 


The  objectives  of  the  Westinghouse-AFOSR  program  were; 

1.  Search  for  thin  film  superconductors  witii  enhanced  T^'s  and  other 
superconducting  properties. 

2.  Determine  the  fundamental  lower  limit  of  HTS  rf  surface  resistance. 

3.  Investigate  epitaxial  multilayers,  including  Josephson  junctions,  incorporating 
deposited  insulators  and  normal  conductors  with  HTS  films. 

4.  Develop  materials  and  processing  for  alternative  HTS  devices. 
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4.  ACCOMPLISHMENTS 


4.1  PREAMBLE 

The  research  reported  here  was  performed  under  a  Westinghouse-AFOSR 
Program  which  began  February  20, 1991.  The  specific  objectives  of  the  program  are 
listed  in  Section  3  of  this  report.  These  objectives  are  identical  to  the  Tasks  of  the  Work 
Statement.  The  overall  objective  was  to  investigate  the  fundamental  physics  and 
materials  science  of  superconductors  to  enhance  their  properties  for  application  in 
passive  devices  based  on  transmission  line  structures,  active  devices  based  on 
Josephson  junctions,  and  novel  active  device  structures  based  on  the  unique  properties 
of  superconductors.  In  Section  4,  an  overview  is  presented  of  some  of  the  significant 
accomplishments  of  this  program.  More  detailed  descriptions  are  available  in  the 
published  scientific  papers  that  were  generated  by  this  program.  Copies  of  these 
papers  are  included  in  the  appendices  of  this  report  and  are  listed  by  title  in  Section  5. 
The  references  in  Section  4  refer  to  this  listing. 

4.2  ENHANCED  SUPERCONDUCTING  FILM  PROPERTIES 

The  work  on  this  task  was  focused  on  two  distinct  areas.  In  the  first  of  these,  the 
research  was  more  speculative  in  that  it  was  motivated  by  the  hoped-for  but  improved 
possibility  that  there  exist  even  higher-critical-temperature  superconductors  than  those 
presently  known.  In  the  second  area  the  effort  was  directed  toward  improving 
properties  of  already  existing  superconducting  materials  thereby  making  them  more 
useful  in  practical  device  applications. 
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No  enhancements  above  those  presently  known  were  achieved  from  work  done 
in  the  search  for  higher-Tc  superconductors.  However,  work  on  this  task  did  provide 
useful  data  on  three  of  the  more  important  oxide-superconductor  systems,  namely, 
La2-xSrxCu04  (LSCO),  YiBa2Cu307  (YBCO),  and  Bao.6Ko.4Bi03  (BKBO).  These  data 
have  both  theoretical  and  technological  significance. 

Considering  YBCO  first,  at  the  beginning  of  this  program  there  were  still  three 
major  unsolved  problems  associated  with  the  growth  of  thin  films  of  this  compound. 
These  were:  (1)  the  inability  to  reproducibly  grow  films  with  Tf  's  of  >90K,  (2)  the 
presence,  in  many  cases,  of  Cu-O  second-phase  particles  (the  so-called  'boulders ")  in 
the  films,  and  (3)  the  difficulty  in  growing  films  on  large-area  substrates.  As  the  result 
of  the  data  obtained  in  this  program,  all  three  of  these  problems  were 
resolved.^^'^'®'^^'^^^ 

It  was  demonstrated  that  a  degradation  of  could  occur,  under  otherwise 
optimum  growth  conditions,  due  to  a  gradual  depletion  of  active  oxygen  in  the 
sputtering  target.  It  was  found  that  the  addition  of  water  vapor  to  the  sputtering  gas 
reversed  this  process  and  allowed  the  deposition  of  >90K  films  even  when  using  targets 
that  had  hundreds  of  hours  of  service.  A  second  cause  of  degraded  T^s  in  YBCO  films 
was  also  identified.  It  was  shown  that  over-doping  of  YBCO  films  with  oxygen  could 
lower  Tc  as  much  as  five  or  six  degrees.  Therefore,  to  obtain  optimiun  oxygen  content, 
the  temperature,  time,  and  oxygen  pressure  during  annealing  needed  to  be  carefully 
controlled.  It  was  also  foimd  that  the  optimization  of  the  annealing  procedure  had  to 
be  periodically  redone  as  the  result  of  changes  in  other  variables  in  the  growth  process 
including,  particularly,  the  installation  of  a  new  sputtering  target. 

The  solution  of  the  boulder  problem  came  from  understanding  that  the  source  of 
the  boulders  was  from  submicroscopic  contamination  on  the  substrate  surface.  A 
technique  to  deflect  contaminants  from  the  substrate  region  during  growth  by  applying 
a  bias  voltage  to  a  ring  surroimding  the  substrates  was  used  successfully.  Ultimately 
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the  best  solution  was  found  to  be  the  maintenance  of  an  ultra-clean  environment  for  the 
substrates  both  before  and  during  the  deposition  process. 

To  !.,posit  large-area  (up  to  2"  diameter)  films  a  new  sputtering  system  was 
designed  and  assembled  which  did  not  require  bonding  the  substrate  to  the  holder 
with  silver  paste.  This  procedure  had  been  done  here  and  in  other  laboratories  to 
achieve  the  high  and  uniform  substrate  temperatures  required  for  the  deposition  of 
high  quality  YBCO  films.  The  silver  paste  insured  good  heat  conduction  between  the 
substrates  and  holder.  In  this  new  system  silver  paste  was  unnecessary.  Currently 
large-area  films  are  now  routmely  being  prepared  in  other  research  programs  which 
are  "boulder-free"  and  which  have  excellent  superconducting  properties. 

The  phenomenon  of  oxygen  over-doping  observed  in  YBCO  films  was  also 
found  in  LSCO  films.^^^)  LSCO  films  were  prepared  by  off-axis  sputtering  which  had 
various  values  of  Sr  composition,  x.  The  optimum  Sr  content  for  superconductivity  was 
determined  to  be  at  x  =  0.17.  Films  with  x  >  0.17  were  found  to  have  the  same 
properties  as  bulk  samples  that  had  been  aimealed  in  100  atm  O2.  Although  the 
normal-state  resistivity  decreased  as  x  was  increased,  T^  also  decreased.  The  resistivity 
in  the  a-b  plane  for  films  with  x  =  0.30  had  the  lowest  value  for  normal-state  resistivity 
ever  measured  for  a  perovskite  material. 

An  increase  in  normal-state  conductivities  with  a  corresponding  decrease  in 
critical  temperature,  observed  in  both  the  YBCO  and  the  LSCO  systems  is  a 
manifestation  of  the  critical  roles  played  by  the  chain  layers  in  determining  both  the 
normal-state  and  superconducting  properties  of  oxide  superconductors.  In  a  YBcO 
material  that  has  a  relatively  low  number  of  oxygen  vacancies,  i.e.  when  x  is  close  to 
zero  in  the  formulation  YBa2Cu307.x,  it  has  been  suggested  that  ordering  rather  than 
reducing  the  number  of  vacancies  in  the  chain  layers,  may  be  more  important  in 
determining  the  electrical  properties  of  the  material.  This  possibility  is  in  accord  with 
the  phenomenological  model  of  Kresin  and  Wolf  in  which  it  is  proposed  that  the  chain 
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layer  is  a  superconductor  due  to  its  proximity  to  the  Cu-O  planes.  Chains  that  had 
interruptions  because  of  vacancies  would  act  as  pair  breakers. 

Regarding  the  study  of  BKBO,  the  interest  in  this  material  was  due  to  its  having 
a  significantly  higher  coherence  length  than  the  higher-Tf  oxides  and  also  because  it 
has  a  cubic  crystal  structure,  its  properties  are  isotropic.  However,  similar  to  the 
highest-Tc  oxide  superconductors  with  anisotropic  properties,  the  necessity  for 
growing  epitaxial  single  crystal  films  still  holds  because  of  the  intrinsic  weak  links  that 
form  in  oxide  films  containing  high-angle  grain  boundaries. 

Strontium  titanate  is  the  only  substrate  found  to  date  on  which  single¬ 
orientation,  epitaxial  BKBO  films  with  high  T^'s,  J^'s,  and  small  x-ray  rocking  curve 
widths  can  be  grown,  but  it  is  one  of  the  least  practical  substrate  materials  due  to  its 
poor  dielectric  properties.  By  growing  SrTiO3(001)  buffer  layers  on  LaA103  or 
NdGa03,  single-orientation  BKBO(OOl)  films  were  grown  with  properties  equal  to 
those  obtained  for  films  grown  directly  on  SrTi03  single  crystals,  Tc  >  26K  and  = 
0.7°.  (23) 

The  superconducting  phase  of  Bai.xKxBi03  exists  in  the  range,  0.4  <  x  <  0.5, 
with  the  highest  occurring  for  x  »  0.4.  The  lowest  normal-state  resistivity  (45  pft-cm 
at  30K)  and  highest  resistivity  ratio  P300K/P30K  =  ^-89)  ever  reported  for  BKBO  was 
found  in  K-rich  films  that  were  prepared  for  this  program.(^^) 

4.3  RF  SURFACE  RESISTANCE 

The  research  done  under  this  task  primarily  involved  work  on  YBCO  films.  This 
work  was  directed  toward  gaining  an  understanding  of  the  critical  factors  which 
degrade  rf  surface  resistance,  Rg,  in  YBCO  and  relatedly  in  other  oxide 
superconductors.  (3,4,8,9,19)  Over  the  course  of  this  program  it  was  found  that  YBCO 
films  that  had  optimum  Te's  of  >90K,  could  be  gro’.vm  using  a  wide  variety  of 
conditions.  However,  it  was  also  found  that  not  all  of  these  films  had  lov/  Rj,  values. 
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The  effort  was  therefore  focused  on  identifying  the  features  that  caused  R®  to  be 
degraded  in  certain  of  these  films. 

Initially  all  YBCO  films  that  were  grown  for  this  program  had  a  large  density  of 
second-phase  Cu-O  particles  (the  so-called  boulders).  Later,  when  boulder-free  films 
were  grown  it  became  possible  to  determine  the  effect  of  this  defect  on  Rg.  Somewhat 
surprisingly,  at  77  K,  the  presence  of  boulders  had  only  a  marginal  effect  on  surface 
resistance.  For  example,  in  one  film  in  which  over  50%  of  the  surface  area  was  covered 
with  boulders,  Rg  was  0.45  mil  (at  10  GHz).  This  compared  very  favorably  to  the 
lowest  value  measured  in  boulder-free  films  at  that  time  of  0.33  mQ. 

It  was  only  at  temperatures  below  77K  where  boulders  were  found  to  have  a 
significant  effect  on  Rg.  Considering  the  two  above-mentioned  films  for  illustration,  the 
surface  resistance  of  the  boulder-free  film  was  found  to  decrease  continuously  with 
decreasing  temperature.  At  4.2K,  Rg  was  measured  to  be  0.060  mil.  In  the  case  of  the 
film  with  boulders,  Rg  remained  essentially  constant  with  decreasing  temperature 
down  to  and  including  the  lowest  measurement  temperature  (4.2K). 

Based  on  data  taken  on  oxygen  over-doped  films  it  initially  appeared  that  the 
excess  oxygen  content  in  these  films  had  an  extremely  deleterious  effect  on  surface 
resistance.  Some  over-doped  films  which  had  only  slightly  degraded  T^'s  of  86-87K 
were  found  to  have  Rg  values  of  >10  mft.  These  films  were  re-aimealed  at  450“C  under 
conditions  to  optimize  oxygen  content  which  raised  the  T^'s  to  >90K.  Despite  the 
significant  improvement  in  T^.,  however,  re-measurement  of  surface  resistances 
indicated  that  almost  no  changes  had  occurred. 

To  try  to  identify  the  reason  for  poor  surface  properties  of  these  films,  they  and 
other  >90K  films  that  had  low  Rg  values  were  structurally  analyzed.  From  x-ray 
diffraction  data  it  was  found  that  all  were  single  phase  and  had  similar  lattice 
parameters.  However,  it  was  also  found  that  the  films  with  the  higher  Rg  values 
tended  to  have  larger  rocking  curve  widths.  In  addition,  measurement  of  rocking 
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curve  widths  of  the  (309)  peaks  of  YBCO(OOl)  showed  that  they  were  clearly  split  into 
two  peaks,  due  to  a-b  twinning,  in  low-Rg  films,  but  were  single  peaks  with  the  same 
overall  widths  for  higher-Rg  films. 

Based  on  these  data,  it  can  be  concluded  that  very  subtle  differences  in  the 
crystalline  quality  of  YBCO  can  result  in  significant  difference  in  rf  surface  properties. 
Therefore,  variables  such  as  temperature,  oxygen  pressure,  and  contamination  that 
greatly  influence  crystal  growth  must  be  carefully  controlled  during  the  film  deposition 
process.  From  results  obtained  in  this  program  it  is  clear  that  even  minor  fluctuations 
in  these  variables,  that  produce  no  degradation  in  can  cause  greatly  degraded  rf 
surface  properties. 

4.4  EPITAXIAL  RLMS  AND  LAYERED  STRUCTURES 

Thick  epitaxial  insulating  layers  are  required  in  the  fabrication  of  a  number  of 
devices  to  permit  integration  of  grotmd  planes  and  crossovers  in  active  circuits, 
fabrication  of  lumped-element  capacitors,  and  implementation  of  flux  transformers. 
Insulating  film  requirements  were  estimated  for  each  of  these  applications.  Epitaxial 
bilayers  and  trilayers  of  YBCO/msulator  and  YBCO/insulator/YBCO  were  fabricated 
with  SrTi03,  LaA103,  and  MgO  as  the  insulator.^^^)  Vertical  transport  and  capacitance 
measurements  were  made  to  obtain  values  for  the  resistivity  and  dielectric  constant  of 
the  insulator.  The  highest  resistivity  was  foimd  for  SrTi03  -  higher  than  any  value 
reported  in  the  literature  for  an  epitaxial  insulator  on  an  HTS  film  and  sufficiently  high 
for  any  application.  The  problem  with  SrTi03  is  its  high  real  and  imaginary  dielectric 
constants  which  slow  and  attenuate  signals. 

A  second  series  of  candidate  insulating  films  was  evaluated  for  comparison  with 
SrTi03.  Since  SrTi03  already  met  requirements  for  dc  resistivity  and  fibn  morphology, 
only  materials  with  suitable  dielectric  constants  and  loss  tangents  were  considered, 
including  NdGa03,  CeO^,  and  Sr2Al  TaOg  (SAT).  Although  single  crystals  could  not 
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be  grown  due  to  incongruent  melting,  a  composite  sputtering  target  was  purchased  to 
see  if  SAT  could  be  stabilized  in  thin-film  form.  In  the  cases  of  NdGa03  or  Ce02/ 
suitable  growth  conditions  were  not  foimd  for  high-resistivity  films  to  grow  at  a 
reasonable  rate.  However,  growth  conditions  were  found  for  deposition  of  SAT  films 
on  YBCO  which  resulted  in  smooth  films  with  very  high  resistivity.  Resistivities  in  the 
IQIO  i2-cm  range  were  measured  at  both  room  temperature  and  at  TTK.^^)  SAT  has 
been  reported  to  have  a  dielectric  constant  of  25  and  loss  tangent  of  1  x  1(H  so  it  should 
be  suitable  for  the  many  applications  where  the  group  velocity  in  SrTiC)3  is  too  slow  or 
SrTi03  is  too  lossy. 

A  mask  set  was  fabricated  which  enabled  measurements  to  be  made  of  the 
properties  of  epitaxial  YBCO  and  insulator  films  under  the  same  conditioirs  as  when 
they  are  incorporated  into  multilayer  HTS  circuits.  In  contrast  to  the  Ar  ion  milling 
parameters  used  in  fabricating  step-edge  grain-boundary  or  S-N-S  Josephson  junctions, 
the  edges  of  each  film  layer  were  ion-milled  at  a  shallow  angle  to  avoid  the  formation 
of  a  weak  link  or  a  discontinuity  in  places  where  the  YBCO  or  insulating  film  must 
cover  a  step.  The  dc  resistivity  of  the  insulator  was  reduced  to  from  >10^  Q-cm  in 
planar  structures  to  10^  Q-cm  over  a  step.  This  is  still  adequate  for  digital  circuit 
applications.^^^) 

In  contrast  to  SrTi03  and  SAT,  conditions  could  not  be  found  for  the  growth  of 
smooth  Ce02  films  on  YBCO.  However,  Ce02  was  used  successfully  as  a  buffer  layer 
which  permitted  low-Rg  YBCO  films  to  be  grown  on  the  R  plane  (1102)  of  sapphire. 
Based  on  the  Rg  values  of  YBCO  overlayers,  Ce02  buffer  layers  were  superior  to  any  of 
the  other  buffer  layers  for  sapphire  tested  in  this  program  including  MgO,  La-Sr-Cu-O, 
SrTi03,  or  LaA103. 

Two  of  the  insulators  studied  in  this  program,  MgO  and  SrTi03,  were  used  to 
make  BKBO  junctions.  They  were  selected  since  they  are  the  two  substrate  materials 
which  have  the  closest  lattice  match  to  BKBO.  The  best  results  for  all-BKBO  jimctions 
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were  obtained  with  SrTi03  barriers/^^^  The  magnitude  of  the  gap  voltage  indicated 
that  nearly  equal  contributions  were  made  by  the  base  and  counterelectrodes. 


4.5  MATERIALS  AND  PROCESSING  FOR  NTS  DEVICES 

Several  different  configurations  for  YBCO  Josephson  junctions  are  under 
development  at  Westinghouse.^^'^^'^^'^^'^^^  One  of  the  configurations  investigated 
during  this  program  is  a  step-edge  S-N-S  junction  in  which  a  thin  YBCO  film  is  made 
discontinuous  by  covering  a  sharp  step  in  the  substrate  which  is  high  compared  to  the 
film  thickness.  The  YBCO  banks  are  then  cormected  by  a  much  thicker  normal  metal. 
The  yield  of  these  jimctions  was  remarkably  high  when  gold,  deposited  in  situ,  was 
used  as  the  normal  metal  layer.  Modulation  of  the  Josephson  current  was  observed  up 
to82K. 

Two  normal-metal  alternatives  to  Au  were  investigated;  Ag-Au  alloys  and 
epitaxial  layers  of  over-doped  La2.xSrxCu04.^^^'^®)  Films  of  LSCO  with  x  =  0.3  were 
developed  as  part  of  Task  1  which  were  not  superconducting  but  which  have  a  lower 
normal-state  resistivity  at  40-80K  than  superconducting  LSCO  (x  =  0.17).  A 
disadvantage  of  using  higher-resistivity  normal-metal  barriers  is  that  the  barrier  length 
must  be  shorter  to  maintain  the  same  Josephson  current  since  the  normal-metal 
coherence  length  is  proportional  to  the  inverse  square  root  of  the  resistivity.  In  the 
step-edge  junctions,  it  was  not  clear  whether  the  length  scale  of  the  separation  between 
YBCO  banks  was  approximately  the  step  height  or  some  smaller  distance.  Since  typical 
step  heights  were  10  times  the  LSCO  coherence  lengths  and  no  Josephson  coupling  was 
observed  for  these  junctions,  the  height  of  the  step  was  apparently  a  good 
approximation  for  the  separation  between  YBCO  banks.  Alloys  of  Ag  and  Au 
represented  an  intermediate  resistivity.  The  resistivity  of  these  junctions  were  higher 
than  for  Au  barriers  but  the  jimctions  were  less  reproducible.  Since  reproducibility  is  a 
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greater  concern  than  I^Rn  product,  Au  barriers  were  used  for  most  junction 
experiments. 

A  systematic  study  was  performed  on  the  effects  of  step  heights  and  step  angles 
on  junction  characteristics  and  reproducibility.  Steps  were  made  in  either  NdGa03 
substrates  or  SrTi03  insulating  films.  All  steps  were  made  by  Ar  ion  milling  using  a 
deposited  Mb  milling  mask.  Cross-sectional  SEM  micrographs  were  obtained  both  for 
uncoated  steps  and  steps  covered  with  a  YBCO/ Au  bilayer.  The  milling  angle  was 
found  to  be  the  critical  variable  affecting  jimction  performance.  Using  a  new  15  cm  ion 
miller  with  a  cold  rf  discharge  operated  at  150  eV,  step  angles  were  well-controlled  and 
measured  to  be  10°  greater  than  the  milling  angles  in  a  range  of  angles  from  normal 
incidence.  When  samples  were  not  rotated  during  milling,  the  range  was  0°  to  45°. 
With  rotation,  the  range  was  0°  to  20°.  Outside  these  ranges,  the  step  profiles  were 
pathological. 

The  optimum  milling  angle  for  junction  reproducibility  was  approximately  15°. 
Junctions  made  on  such  steps  had  RSJ-like  characteristics.  Although  the  junction 
resistance,  R^,  was  independent  of  angle,  the  Josephson  critical  current,  I^,  increased  as 
the  angle  increased.  At  high  angles,  and  I^R^  were  large  but  the  I-V  curves  were 
indicative  of  flux  flow  and  the  other  indicators  of  Josephson  coupling,  Shapiro  steps 
and  SQUID  voltage  modulation,  were  less  pronoimced.  The  15°  junctions  had  a  spread 
in  critical  current  of  ±30%  across  a  wafer.  Much  broader  distributions  were  obtained  if 
YBCO  films  contained  CuO  precipitates  which  nucleated  preferentially  at  the  step. 

A  second  junction  configuration  under  investigation  as  part  of  this  program 
required  a-axis-oriented  YBCO  films  in  a  traditional  (with  respect  to  low-T^ 
superconductors)  sandwich  structure.  The  a-axis  orientation  permits  the  maximum 
value  of  the  anisotropic  coherence  length  to  determine  junction  properties.  Growth 
conditions  were  found  for  preparing  a-axis  films  by  off-axis  sputtering.  The  optimum 
deposition  temperature  was  580°C  for  a-axis  films.  As  discussed  in  Section  4.1  of  this 
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report,  the  addition  of  water  vapor  into  the  sputtering  gas,  was  used  to  maintain  high 
.  However,  water  vapor  was  also  found  to  promote  c-axis  instead  of  a-axis  growth 
and  therefore  was  left  out  of  the  sputter  gas  mixture  when  growing  a-axis  films. 

The  LaA103(001)  wafers  used  for  the  growth  of  a-axis  films  were  cut  and 
polished  to  ±1°  of  the  [001]  direction.  The  a-axis  films  which  were  grown  on  the 
particular  wafers  which  were  cut  to  within  0.5“  of  the  [001]  direction,  grew  epitaxially 
with  four  in-plane  directions  for  the  c-axis,  each  separated  from  the  next  by  90°.  A-axis 
films  deposited  on  LaA103  wafers  miscut  by  >0.5°,  also  grew  epitaxially  but  with  a 
single  in-plane  direction  for  the  c-axis  either  parallel  to  the  [100]  or  [010]  direction  of 
the  substrate.  The  preferred  direction  of  these  two  was  the  one  closer  to  the  gradient  of 
the  miscut.  Bridges  were  patterned  in  several  films  with  a  preferred  in-plane  direction 
for  the  c  axis.  The  resistivity  measured  for  currents  flowing  in  the  c  direction  was 
semiconductor-like  (negative  temperature  coefficient)  with  a  value  comparable  to 
measurements  made  in  this  direction  in  YBCO  single  crystals.  The  resistivity  for 
currents  flowing  in  a  bridge  perpendicular  to  the  c-axis  on  the  same  sample  had  the 
metallic  temperature  dependence  characteristic  of  current  flow  in  the  a-b  plane. 

Trilayers  of  YBCO/PrBCO/YBCO  were  grown  under  the  same  conditions  used 
for  single-layer  a-axis  films.  The  trilayers  grew  epitaxially  with  a  preferred  in-plane 
direction  for  the  c-axis  in  each  layer.  Previous  work  under  this  program  and  in  other 
laboratories  either  used  c-axis  films  for  these  trilayers  or  used  a-axis  films  containing 
high-angle  (90°)  grain  boundaries  arising  from  the  four  directions  for  the  c-axis. 

The  epitaxial  insulators  developed  under  Task  3  have  dielectric  constants  which 
are  satisfactory  for  digital  circuits  or  SQUID  sensor  circuits  but  too  high  for  some  other 
applications.^^'^)  In  the  case  of  multi-chip  modules,  low  dielectric  constants,  e  =  6,  are 
required.  In  the  case  of  crossovers  in  analog  microwave  circuits,  the  crosstalk  between 
lines  due  to  capacitive  coupling  is  minimized  by  reducing  e.  The  lowest  dielectric 
constant  obtainable  requires  the  development  of  air-bridge  crossovers.  Some  efforts 
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reported  by  other  laboratories  used  Au  air  bridges  deposited  on  polyimide  supports 
but  the  rf  surface  resistance  is  too  high  in  Au.  In  this  program,  a  mask  set  was 
fabricated  to  permit  YBCO  film  layers  to  cross  using  air  bridges.  The  design  used  an 
epitaxial  SrTi03  insulating  layer  to  support  the  growth  of  the  top  YBCO  film.  A  highly 
differential  wet-chemical  etch  for  SrTi03  was  used  to  remove  the  insulator. 

Another  unique  requirement  for  insulators  is  presented  by  HTS  multi-chip 
modules  (MCMs).  The  major  fabrication  issues  for  HTS  MCMs  are  deposition  of  a  very 
thick  (1 .5-2  pm)  low-e  insulator,  and  patterning  of  very  long,  2  pm-wide,  lines  in  YBCO 
films  grown  on  top  of  the  thick  insulator.  Both  problems  were  addressed  in  this 
program.  The  best  epitaxial  insulator  available  at  present  for  this  application  is  MgO 
since  it  has  the  lowest  dielectric  constant.  Films  of  MgO  1.5  pm  thick  were  grown  by 
electron-beam  evaporation  on  suitable  substrates  for  epitaxial  growth.  Although 
electron  diffraction  measurements  confirmed  that  the  MgO  was  epitaxial,  x-ray  rocking 
curve  widths  were  much  greater  than  for  typical  thin  insulators  (»0.3  pm).  Long  and 
narrow  lines,  6  cm  x  4  pm  wide,  were  patterned  in  YBCO  films  deposited  on  LaA103 
substrates  with  no  degradation  in  film  quality. 

4.6  OTHER  ACCOMPLISHMENTS 

In  support  of  the  work  described  above,  a  file  of  reprints  and  preprints  on  high- 
Tc  superconductivity  started  in  1987  was  maintained.  The  updated  list  of  papers  was 
entered  into  a  computer  and  keywords  were  assigned  to  them  to  aid  in  retrieval.  The 
entire  database  has  been  made  available  to  the  research  community  through  die 
computer  facilities  at  High-Tc  Update.  Annual  updates  to  the  database  have  been 
published  in  the  Toumal  of  Superconductivity.^^)  During  1992,  the  database  was 
transferred  to  the  University  of  South  Carolina  where  it  will  be  updated  in  the  future. 

The  year  1992  marked  the  completion  of  a  three-year,  $4M  upgrade  of  facilities, 
funded  by  Westinghouse,  which  are  dedicated  to  superconducting  electronics.  This 
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program  had  the  benefit  of  new  equipment  for  the  deposition,  patterning,  and 
characterization  of  superconducting  films  and  circuits.  The  number  of  vacuum 
deposition  systems  dedicated  to  HTS  film  structures  was  increased  from  two  at  the 
start  of  the  program  to  seven  by  the  end  of  1992.  The  most  recently  installed  system 
incorporated  experience  in  growing  YBCO-based  structures  gained  in  this  program  into 
a  fully-automated  production  system  capable  of  sequentially  coating  both  sides  of  two 
2-inch  or  one  4-inch  substrate  with  multilayers  composed  of  YBCO  and  appropriate 
epitaxial  insulators  or  conductors.  The  most  important  new  equipment  in  the 
superconducting  electronics  clean  room  (which  has  been  doubled  in  area)  is  a 
dedicated  ion  miller  with  capability  for  up  to  a  6"-diameter  wafer.  The  most  significant 
new  characterization  tool  is  a  state-of-the-art  four-circle  x-ray  diffractometer. 

To  obtain  optimum  use  of  the  unique  material  and  measurement  capabilities 
developed  imder  this  and  previous  AFOSR-Westinghouse  programs,  collaborations 
with  other  research  institutions  were  continued  and  expanded.  These  collaborations 
were  made  with  researchers  whose  work  fell  within  the  overall  objectives  of  this 
program.  A  table  of  technical  collaborations  which  were  active  during  the  program  is 
shown  in  Section  7  of  this  report. 
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Abstract 


Sample  Fabrication 


We  have  fabricated  all-high-Tc  Josephson  junctions 
in  a  planar  S-N-S  geometry,  by  bridging  narrow  gaps 
(-  0,1  -  0.2  pm)  in  epitaxial  YBa2Cu307  (YBCO)  films 
with  Au.  The  resulting  devices  exhibit  a  variety  of  non- 
hysteretic  I-V  characteristics,  with  IcRn  of  order  0.1  to 
10  mV,  and  exhibit  Shapiro  steps  under  microwave 
irradiation,  and  weak  periodic  modulation  of  the  critical 
current  with  applied  magnetic  field.  The  transport 
properties  of  the  junctions  appear  to  be  dominated  by  the 
Au/YBCO  interfaces  rather  than  by  the  Au  itself. 

Introduction 

The  development  of  an  integrated  circuit  technology 
based  on  high  temperature  sui^rconductors  (HTS) 
requires  the  controlled  fabrication  of  Josephson 
jtmctions.  Current  low  temperature  stroerconducting 
(LTS)  circuit  technology  is  based  on  S-I>S  timnel 
junctions,  t^ically  of  the  type  Nb/AlOz/]^,  whose 
reproducibility  and  controllability  has  made  possible  the 
fabrication  of  complex  circuits,  and  whose  hysteretic  1-V 
characteristics  suggest  various  logic  schemes  relying  on 
the  zero-voltage  and  gap-voltage  states  to  define  logical 
‘O'andT.l 

At  present  there  is  no  HTS  tunnel  junction 
technology,  due  to  the  materials  problems  associated 
with  the  growth  of  a  homogenous  barrier  compatible 
with  the  high-temperature  deposition  conditions  for  in- 
situ  HTS  films.  This  has  led  to  an  interest  in  the 
fabrication  of  non-hysteretic  S-N-S  junctions,  as  an 
interim  basis  for  electronic  circuits,  using  logic  schemes 
which  do  not  require  hysteretic  junctions.  Such 
junctions  mav  additionally  replace  grain-boundary  weak 
links  currently  used  in  many  HTS  ^UID’s.  The  first 
such  junction  reported  was  a  planar  YBCO/Au/YBCO 
bridge  fabricated  from  a  post-annealed  YBCO  film  using 
electron-beam  lithography  to  define  the  1  pm  junction 
len^,  and  which  exhibited  a  critical  current  up  to 
16  K.^  Subsequent  developments  have  emphasized  an  in- 
situ  trilayer  approach,  usin^,  for  example,  PrBa2Cu307 
as  the  normal  barrier.^  While  the  latter  approach, 
which  more  closely  parallels  LTS  Nb  technology,  is 
ultimately  preferable,  further  materials  development  is 
needed  to  reduce  the  density  of  defects,  such  as  micro¬ 
shorts,  which  currently  dominate  the  electrical 
characteristics  of  such  devices. 

Here  we  report  preliminary  results  on  the 
fabrication  of  planar  iunctions,  with  lengths,  d.  as  short 
as  0.1  pm,  which  exhibit  Josephson  effects  up  to  70  K. 


♦  Supported  in  part  by  AFOSR  contract  no.  F49620-88-C- 
0039. 

Manuscript  received  September  24, 1990. 


Our  YBCO  films  were  deposited  by  off-axis  dc 
magnetron  sputtering  from  a  stoichiometric  target,  onto 
substrates  of  (100)  and  (110)  SrTi03.  The  deposited  films 
were  epitaxial,  with  (001)  orientation  on  (10(3)  substrates 
and  (1031/(013)  orientation  on  (110)  substrates. 
Thicknesses  used  varied  from  •>  50  to  200  nm.  Films 
typically  exhibited  transition  temperatures  in  the  88-92  K 
range,  room-temperature  resistivity  of  300  p£2-cm,  and 
critical  currents  in  excess  of  10®  A/cm^  at  77  K.  Further 
details  of  the  film  properties  and  deposition  conditions 
have  been  reported  elsewhere.^ 

After  the  post-deposition  cool-down  the  YBCO  films 
were  coated,  in-situ,  with  50  to  100  nm  sputtered  Au,  to 

(a) 


(b) 


Au  contacts 


L  -  0.1  -  0.2  pm 


Ex-situ  Au 
In-situ  Au 


Figure  1.  (a)  Micrograph  of  a  -  0.1  pm-wide  slot  in  a 
Au/YBCO  bilayer,  formed  by  electron-beam  lithography 
and  broad-beam  ion  milling,  (b)  Schematic  diagram  of 
completed  planar  junction. 
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protect  the  top  surface  of  the  YBCO  during  subsequent 
processing. 


linewidth  are  expected  by  use  of  a  slightly  smaller 
aperture,  and  shorter  etching  times. 


Fabrication  bv  Electron-Beam  Lithography 

A  film  of  a  slow-milling  material,  such  as  Si3N4  or 
Ti,  was  deposited  on  the  AiJyBCO  bilayers  to  serve  as 
an  ion-milli^  mask  for  patterning  of  the  YBCO.  The 
resulting  trilayer  was  coated  with  a  layer  of  PMMA 
resist  After  exposure  of  the  narrow  slots  by  50  keV 
electrons  the  resist  pattern  was  transferred  into  the 
masking  layer  by  reactive  ion  etching  (RIE),  and  then 
into  the  Au/YBCO  by  500  eV  Ar  ion  milling.  Although 
the  acttial  devices  were  not  isolated  at  this  point  various 
test  patterns  included  on  each  chip  enabled  us  to  check 
that  the  milled  slots  were  electricmly  open  (>  10*  O). 
Figure  la  shows  an  example  of  a  0.1  pm  slot  defined  in 
this  manner. 

After  removal  of  the  remaining  mask  layer, 
photolithographic  processing  and  ion  milling  were  used 
to  isolate  the  junctions  and  their  individual  four-^int 
current  and  voltage  leads,  and  to  define  the  junction 
width,  w,  of  10  pm.  The  sample  was  then  coated  with 
«•  200  nm  of  sputtered  Au  (p  -  1  pfl-cm  at  room 
temperature),  and  the  Au  selectively  patterned  by  RIE  to 
define  the  junctions  and  their  contact  pads.  Some 
samples  were  annealed  at  600  ‘C  in  flowing  O2  to 
improve  the  Au/YBCO  contact.  Figure  lb  shows  a 
schematic  diagram  of  a  completed  junction. 

Samples  were  wire-bonded  into  a  32-lead  sapphire 
chip  earner  for  electrical  measurements. 

Fabrication  bv  FIB  etching 

A  more  direct  approach  to  junction  fabrication  is  to 
use  a  focussed  ion  beam  (FIB)  to  etch  the  submicron 
slots  directly,  without  the  use  of  masking  layers  and 
resists.  We  have  used  a  30  keV  Ga  ion  beam,  with  a 
nominal  FWHM  of  60  nm,  which  produced  slots  of 
approximately  0.2  pm  at  the  film’s  top  surface.  Test 
samples  were  again  checked  for  electrical  open  dremt  to 
ensure  complete  etching,  and  etch  time  and  current 
were  chosen  so  as  to  over-etch  somewhat,  to  avoid  shorts 
due  to  defects  such  as  surface  partides  on  the  YBCO.* 
The  side  walls  of  the  etched  slots  appeared  less  steep 
than  those  produced  by  e-beam  lithography  and  broad- 
beam  ion  milling,  possible  because  of  the  approximately 
gaussian  shape  of  the  beam  resulting  in  partial  etching 
of  the  film  by  the  beam  “tails.”  Further  reductions  in 


Figure  2.  Current  -voltage  characteristics  for  a  -  0.1  pm 
long  e-beam-fabricated  YBCO/Au/YBCO  junction. 


Subsequent  processing  of  the  FIB  samples  was 
identical  to  the  e-beam  approach. 

Measured  characteristics 

Figure  2  shows  a  set  of  1-V  characteristics  as  a 
function  of  temperature  for  an  e-beam-fabricated 
junction  with  a  length  of  approximately  0.1  pm,  on 
SrTiOa  (100).  At  low  temperatures  the  measured 
behavior  is  not  unlike  the  RSJ  model  prediction  (in  the 
absence  of  thermal  fluctuations)  of  V  =  R(P  -  I?)^. 
However,  for  increasing  temperatures  the  characteristic 
broadens  much  more  than  predicted  by  the  thermal 
fluctuation  model  of  Ambegaokar  and  Halperin.5 

Figure  3  shows  a  set  of  dV/dl  vs.  I  curves,  at  42  K, 


Current  (Ax10’^) 


Figiue  3.  Differential  resistance  vs.  current  for  five  FIB- 
fabricated  junctions  on  one  chip. 

for  five  junctions  on  a  FIB-fabricated  sample,  on  SrTiOs 
(100),  which  was  annealed  according  to  the  procedure 
discussed  above.  The  nominal  junction  length  was 
0.2  pm-  The  similarity  of  the  characteristics  is 
encouraging,  suggesting  that  the  junctions  are 
reasonably  homogeneous  and  reproducible  within  a 
chip. 

Figure  4  shows  the  measured  critical  current  Ic  , 
determined  by  an  arbitrary  voltage  criterion  of  5  pV,  for 
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Figure  4.  Critical  currents  for  the  e-beam  junction  of 
Fig.  2,  and  junction  J5  of  Fig.  3. 
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Figure  5.  Differential  resistance  vs.  voltage  for  the 
e-beam  junction  of  Fig.  2,  showing  rounded  Shapiro 
steps  induced  by  9.5  GHz  radiation.  The  “0  dB”  and 
“5  curves  are  displaced  vertically  by  0.5  G  and  0.25  G, 
respectively,  for  danty. 

the  sample  of  Fira.  2  and  3.  The  annealed  FIB- 
fabricated  sample,  despite  its  greater  lene^  exhibited  a 
larger  critical  current  than  the  unannealed  e-beam 
junction  of  Fig.  2,  as  well  as  a  lower  resistance  (>  0.1  G, 
compared  to  4  G),  consistent  with  an  improvement  in  the 
quality  of  the  AuyYBCO  interfaces  upon  annealing. 

The  response  of  the  sample  of  Fig.  2  to  f  =  9.5  GHz 
radiation  is  shown  in  Fig.  5,  at  a  temperature  of  58.5  K. 
Radiation  was  weakly  coupled  in  through  a  half-wave 
antenna  approximately  5  mm  above  the  sample.  The 
characteristics  exhibit  weak  Shapiro  steps  at  voltages 
Vsnhff2e.  Above  approximately  67  K  the  steps  wawed 
out  completely  due  to  thermal  Quctuations,  while  below 
about  38  K  there  was  apparently  insu£5cient  microwave 
power  to  produce  steps. 


AB  = 


»o 

w(d  +  2X)  ’ 


(1; 


where  X  is  the  penetration  depth  of  the  YBCO  and  <I>o  is 
the  flux  quantum.  Using  w  =  10  pm,  d  =  10  pm,  and  X  = 
0.15  pm  yields  AB  =  5  gauss,  in  reasonable  agreement 
with  the  measured  value.  The  weak  modulation  depth 
may  be  partially  due  to  the  sample  being  in  a  self-field- 
limited  regime,  w  >  2Xj,  where  the  current  flows  witnin 
a  characteristic  width  Xj  of  each  edge  of  the  junction, 
and  partially  to  inhomogeneous  coupling  across  the 
width  of  the  junction.  Tne  Josephson  penetration  depth, 
in  SI  units,  is  given  by 


i2  ^ _ h _ 

**  2eJc  Po(2X  -(■  d)  ' 

where  Je  is  the  critical  current  density.  Applying  this 
expression  straightforwardly  to  the  junction  of  Pig.  6, 
which  had  Jc  “  7.5  x  10^  A/cm^  at  56  K,  yields 
Xj  •  0.9  pm,  so  that  w  GO  pm) »  2  Xj. 

Discussion 

The  results  presented  above  give  imambiguous 
evidence  of  Josephson  behavior  in  these  planar 
junctions.  However,  the  nature  of  the  junctions  is  far 
from  clear,  and  almost  certainly  does  not  represent  true 
S-N-S  behavior.  For  example,  the  resistance  of  the 
junctions,  -  0.1  -  1 G,  is  much  neater  than  the  -  mG 
expected  for  the  resistance  of  the  Au  alone,  and  must  be 
dominated  by  the  Au/YBCO  interfaces,  suggesting  that 
the  actual  devices  have  an  S-l-N-I-S  character.  In  fact, 
the  measured  resistances  are  consistent  with  a  speciflc 
contact  resistance  of  the  order  10'®  to  10*®  G-cm^,  which 
is  (^uite  ^ical  of  measured  Au/YBCO  contact 
resistances. 

The  approximately  linear  temperature  dependence 
of  the  measured  critic^  current  also  disagrees  with  the 
Ic“  exp(-d/^(T))  form  expected  for  an  S-N-S  junction, 
and  is  also,  at  least  close  to  Te,  consistent  with  S-I-N-I-^ 
behavior. 


Measurements  of  dV/dl  vs.  applied  magnetic  field, 
at  a  fixed  bias  current  above  le,  for  a  0.1  x  10  pm  junction 
are  shown  in  Figure  6,  for  a  temperature  of  56  K.  The 
data  show  an  extremely  weak  periodic  modulation,  with 
maxima  in  dV/dl  (corresponding  to  minima  in  Ic) 
occurring  with  a  period  of  approximately  7  gauss.  The 
expected  period,  is  given  by  the  relation 


Figure  6.  Weak  periodic  modulation  of  the  sample 
differential  resistance,  at  a  fixed  bias  current  a^ve  Ic, 
as  a  function  of  magnetic  field,  reflecting  periodic 
modulation  of  the  junction  critical  current. 


It  is  also  unclear  which  surface  of  the  YBCO 
provides  the  strongest  superconducting  proximity  effect 
coupling  through  the  Au  —  the  milled  side  walls,  or  the 
top  surtoce  which  is  protected  by  in-situ  Au.  In 
principle  this  will  depend  on  the  growth  orientation  of 
the  film,  with  c-axis  films  potentially  having  stronger 
coupling  through  the  side  walls,  ana  a-axis  through  the 
top  surface.  The  effective  length,  d,  for  a  junction 
fabricated  firom  an  a-axis  film  would  then  be  somewhat 
larger  than  the  slot  width,  by  some  geometrical  factor. 
The  results  here  were  obtained  with  c-axis  films. 

The  use  of  a-axis  films  may  ultimately  be 
preferable,  because  it  will  likely  be  easier  to  reproducibly 
control  the  YBCO/in-situ  Au  interface  than  that  formed 
with  the  ex-situ  Au  at  the  side  walls. 

Summary  and  Conclusions 

We  have  fabricated  Josephson  junctions  with  a 
planar  S-N-S  geometry,  with  lengths  as  short  as  O.I  pm, 
which  exhibit  Josephson  effects  to  70  K  The  measured 
characteristics  are  consistent  with  a  S-l-N-I-S  device 
geometry,  with  the  junction  resistance  being  dominated 
by  the  Au/YBCO  interfaces. 

The  intra-chip  consistent  of  some  of  the  measured 
junctions  is  encouraging,  indicating  that  the 
characteristics  are  not  dominated  by  small  numbers  of 
isolated  defects  such  as  shorts.  However  the  chip-to-chip 
reproducibility  needs  improvement. 
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Because  of  their  relatively  high  IcRn  products,  the 
junctions  show  promise  for  use  in  circuits  based  on  flux 
quantum  logic  schemes,  which  do  not  require  hysteretic 
junctions,^  as  well  as  for  SQUID  applications. 
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APPENDIX  2 


Abstract 

Surface  acoustic  wave  attenuation  measurements  have 
been  performed  in  a  screen  room  on  a  superconducting  film 
of  Nb  at  659  MHz  and  on  a  high  Te  film  of  YBaiCujO?  at 
168  MHz.  The  attenuation  in  the  Nb  film  is  due  to  electron- 
phonon  interaction  and  follows  a  BCS  curve  in  the  supercon¬ 
ducting  state.  The  measured  change  in  attenuation  was  0.8 
dB/cm  giving  an  electron  mean  free  path  which  is  about  twice 
as  large  as  the  value  obtained  from  the  sheet  resistivity  of  this 
Nb  film.  The  sheet  resistivity  of  the  YBajCusOr  film  was  45 
n/o,  and  the  observed  change  in  attenuation  at  Te  =  87  K  was 
0.18  dB/cm.  A  percolation  model  is  proposed  for  describing 
the  behavior  of  both  the  attenuation  and  the  sheet  resistivity 
in  the  superconducting  state.  This  model  is  also  used  to  de¬ 
termine  the  minimum  resistance  of  YBa^CusOr  along  the  ab 
plane.  It  is  found  to  be  12.5  fiClcm. 

1.  Introduction 

There  are  two  ways  to  produce  an  interaction  between  a 
metallic  film  deposited  on  a  piezoelectric  substrate  and  a  sur¬ 
face  acoustic  wave  SAW  travelling  through  the  substrate.  In 
one,  the  mechanical  deformation  of  the  substrate  is  transmit¬ 
ted  to  the  superimposed  film  so  that  there  is  acousto  mechan¬ 
ical  coupling  between  the  two.  In  the  other,  the  polarization 
fields  pioduced  in  the  piezoelectric  substrate  induce  electri- 
CuJ  currents  on  the  superimposed  film  so  that  there  is  acousto 
electrical  coupling  between  the  two.  In  both  cases,  the  com¬ 
plex  elastic  constants  of  the  SAW  are  affected.  There  ate  both 
changes  in  velocity  and  attenuation  of  the  SAW  that  can  be 
produced  by  the  interactions.  Obviously,  it  is  possible  to  make 
measurements  in  regimes  where  both  mechanisms  contribute 
to  the  interaction  equally,  which  would  make  it  difficult  to  sep¬ 
arate  the  contributions  of  each  effect.  In  this  paper  we  shall 
present  measurements  on  two  superconducting  films  in  which 
either  one  or  the  other  mechanism  is  the  principal  source  for 
the  interaction.  The  acoxisto  mechsmical  interaction  gives  rise 
to  electron- phonon  attenuation  in  a  Nb  film  measured  at  659 
MHz,  while  the  acoustic  electric  interaction  is  quenched  by 
the  transition  to  the  superconducting  state  in  an  YBajCujOT 
film  at  168  MHz.  Fortunately  in  both  cases  it  is  possible  to 
exclude  the  effects  of  the  other  interaction.  This  is  because  in 
the  limits  in  which  these  measurements  are  made,  git  <<  1 
and  uJTt  <<  1  electron  phonon  interaction  in  the  normal  state 
is  proportional  to  the  electrical  conductivity  while  the  acousto 
electric  effect  is  proportional  to  the  sheet  electrical  resistivity. 
In  the  above,  q  is  the  SAW  wavevector  2x/A  where  A  is  the 


SAW  wavelength  and  It  is  the  electron  mean  free  path;  and,  uj 
is  the  angular  frequency,  and  r,  is  the  acousto  electric  relax¬ 
ation  time,  uiT,  =  Vt(£  +  (B)Ra  where  u,  is  the  SAW  velocity,  «, 
and  to  are  the  permittivity  of  the  substrate  and  free  space  re¬ 
spectively,  and  Ra  is  the  sheet  resistivity  of  the  film.  Both  sets 
of  measurements  were  performed  in  an  electromagnetic  screen 
room.  This  improved  the  signal  to  noise  ratio,  so  that  SAW 
attenuation  changes  from  the  normal  to  the  superconducting 
state  of  0.8  dB/cm  and  0.18  dB/cm  could  be  measured  on  the 
Nb  film  and  the  YBajCusOr  film  respectively.  Thus,  sensi¬ 
tivities  of  0.02  dB  could  be  achieved  in  the  screen  room. 


2.  Electron  Phonon  Interaction  in  Nb  Film 

A  quasi  single  crystal  film  was  deposited  on  a  LiNbOs 
substrate  in  ultrahigh  vacuum  with  ultrapure  material.  ‘  The 
thickness  of  the  film  is  3000 A  and  its  resistivity  ratio  is  2.7. 
The  midpoint  of  the  superconducting  transition  is  8.6  K.  The 
width  of  the  transition  from  normal  value  to  zero  value  is  0.28 
K.  Figure  1  shows  a  plot  of  the  normalized  attenuation  data 
»»/on  versus  the  reduced  temperature  T/Te.  Here  ot,  and 
a„  are  the  attenuation  in  the  superconducting  imd  normal 
states  respectively,  amd  Tc  is  the  superconducting  transition 
temperature. 

In  a  bulk  superconductor  the  attenuation  for  both  longi¬ 
tudinal  and  transverse  waves*  is  given  by 

where  A  is  the  temperature  dependent  superconducting  en¬ 
ergy  gap  and  kg  is  Boltzmann’s  constant.  Since  SAW 
travelling  through  a  thin  film  superimposed  on  a  substrate 
can  be  decomposed  into  independent  longitudinal  and  shear 
motions,*  the  ratio  of  a,/a„  can  also  be  given  by  equation  1. 
The  solid  line  in  Figure  1  is  plotted  by  using  the  BCS*  tem¬ 
perature  dependent  superconducting  energy  gap  in  equation 
1  with  the  BCS  value  for  2A(0)  =  3.52  kTc.  It  appears  that 
this  yields  a  good  fit  to  the  data  within  the  sensitivity  of  the 
attenuation  measurements.  Although  the  films  are  quasi  crys¬ 
talline,  the  resistivity  ratio  is  such  that  crystalline  anisotropies 
should  be  smeared  out  by  the  shortness  of  the  mean  free  path, 
producing  essentially  a  simple  spherical  Fermi  surface  which, 
according  to  Anderson’s*  model,  should  result  in  a  BCS  value 
for  2A(0).  This  is  a  result  that  is  confirmed  by  our  data. 

We  shall  now  turn  our  attention  to  estimating  the  value  of 
the  electron  mean  free  path.  The  SAW  ultrasonic  attenuation 
coefficient  due  to  electron  phonon  interaction  in  a  thin  film  on 
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Reduced  Temperature  (T/Tcl 

Figure  1  Normalized  attenuation  vers-'ia  reduced  temper¬ 
ature  for  659  MHz  SAW  on  Nb  film  {+  symbols).  The  solid 
line  is  the  BCS  curve  for  2A(0)  =  3.52ic0  Tc- 


Temperature  (K) 


Figure  2  SAW  attenuation  daU  (solid  dots)  and  four  wire 
resistance  (solid  line)  simultaneously  obtained  as  a  function  of 
temperature  for  an  YiBiGujOr-a  film  whose  sheet  resistivity 
is  45  fl/o  and  with  a  value  of  L  10.  (See  text.) 


a  substrate  is  given  by* 


l.= 


p,v 


a»PtV 


(2) 


NmvF^hFiu) 

where,  for  niobium,  N  =  5.56  x  10**  elns/cm*;  m  =  free  elec¬ 
tron  mass;  vp  =  Fermi  velocity  =  1.37  x  10*  cm/sec,  r,  = 
electron  relaxation  time;  g  =  1.3  x  10*  cm"*,  h  =  film  thick¬ 
ness  =  3000A,  p,  =  mass  density  of  YZ-LiNbOs  substrate 
=  4.65  gm/cm*;  v  =  SAW  velocity  under  film  =  3  x  10® 
cm/sec;  v  =  0.39,  Poisson’s  ratio;  and  On  =  0.8  dB/cm 
=  0.092  Np/cm.  F(i/)  is  a  frmction  of  Poisson’s  ratio  which 
according  to  Fig.  4  in  reference  2,  after  making  a  factor  of 
3  correction  suggested  by  a  comparison  of  Fig.  4  in  ref.  6 
with  Fig.  6  in  ref.  7,  is  equal  to  0.022  for  <r  =  0.39  which 
yields  an  acoustically  determined  electron  mean  free  path 
I,  =  vpTf  ~  1050A.  We  may  also  find  the  electron  mean 
free  path  from  the  normal  state  value  of  the  electrical  resistiv¬ 
ity  of  our  film  p,  =  1.94/ifJ-cm.  Using  /«  =  mvp/Ne^pt,  we 
find  It  —  450A  for  the  resistivity  determined  electron  mean 
free  path.  Either  of  these  values  for  U  gives  qit  <  0.14  which 
is  consistent  with  our  assumption  that  ql,  <  1. 

3.  Acousto-electric  Interaction  in  YBa7Cu.'i07  Film 

A  highly  textured  film  of  YBajCuiOr  was  d.c.  mag¬ 
netron  sputtered*  onto  a  Y-cut  Z-propagate  LiNbOj  substrate 
at  the  University  of  Giessen,  West  Germany.  The  film  was 
about  3000A  thick  and  has  a  sheet  resistivity  =  4511  as 
measured  with  four  wires.  The  SAW  attenuation  at  168  MHz 
and  the  four  wire  resistance  are  shown  in  Fig.  2  in  the  tem¬ 
perature  range  from  65  K  to  105  K.  It  is  evident  that  the 
behavior  of  the  attenuation  in  the  superconducting  state  is 
very  different  from  the  BCS  behavior  displayed  in  Fig.  !. 
The  attenuation  in  Fig.  2  drops  sharply  at  the  transition.  As 
mentioned  in  the  introduction  the  noise  level  is  about  ±0.02 
dB.  The  change  in  attenuation  at  the  transition  is  about  0.18 
dB/cm.  The  resistive  transition  starts  at  T  =  86.9,  and  we 
surmise  that  this  is  the  temperature  at  which  the  individual 


grains  become  superconducting  T^ .  The  film  as  a  whole  be¬ 
comes  superconducting  at  Tc  =  86.4  K.  In  the  limit  where 
u>T.  <<  1  the  attenuation  due  to  the  acousto  electric  effect  is 
given  by* 

a  =  -j-(e -t- e,)Iio 

where  K*  =  electromechanical  coupling  constant  =  0.048  and 
t  =  50<,  for  LiNbO}  and  =  45fl.  Theretore  ot  =  9.4  x 
10"’*  wH,  =  0.045  dB/cm.  This  value  is  about  four  times 
smaller  than  the  observed  attenuation. 

According  to  the  percolation  model  proposed  in  reference 
10  and  modified  in  ref.  11,  it  is  possible  not  only  to  explain 
this  difference  but  also  the  width  in  both  the  attenuation  and 
resistance  curves  in  the  superconducting  states.  Moreover  it 
is  also  possible  to  deduce  the  minimum  value  of  the  normal 
resistivity  of  the  individual  grains  of  YBajCuiOr. 

In  the  percolation  model,  it  is  assumed  that  the  film  is 
composed  of  individual  grains  that  eue  connected  by  tunneling 
junctions,  which  are  represented  by  resistances  distributed  in 
a  square  network.  The  junction  resistsmces  are  assumed  to  be 
given  by  r  =  roe^,  where  {  is  a  random  variable  related  to 
the  intergrain  distance  and  which  is  assumed  to  have  a  uni¬ 
form  distribution  which  results  in  a  hyperbolic  distribution 
function  for  the  junction  resistances  W„(r)  =  l/(r /n  rj/ri ), 
W„(r)  being  zero  for  r  <  rj  or  >  rz-  Thus  rj  is  the  mrucimum 
resistance  of  the  network  and  ri  is  the  minimum  resistance  of 
the  network.  Therefore,  it  can  be  inferred  that  '■)  is  the  resis¬ 
tance  of  the  individual  grains.  According  to  the  Ambegaokar, 
Halperin  and  Langer  (AHL)’*  model,  the  sheet  resistivity  of 
this  network  is  obtained  when  the  critical  percolation  frac¬ 
tion  of  these  resistors,  pc,  is  occupied,  after  starting  to  fill  the 
network  from  the  lowest  valued  resistors  up. 

For  a  square  network  Pc  =  j  and  the  assumed  distribu¬ 
tion  function  yields  =  y/rjrj.  Now  this  would  be  the  sheet 
resistivity  of  rm  infinite  net\>x)rk,  which  is  the  /lo  sampled  by 
a  dc  electrical  current.  However,  a  surface  acoustic  wave  sam¬ 
ples  a  smaller  network,  and  the  authors  in  ref.  10  suggest  that 
the  dimensions  of  this  network  are  comparable  to  the  SAW 
wavelength,  more  specifically  £'  :=  A  =  3.5pm.  Thus  the 
SAW  are  measuring  the  average  sheet  resistivity  /l^  of  square 
sub-  networks  whose  dimensions  are  L  on  a  side  where  L  is  the 
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ratio  of  L'  to  the  average  grain  size.  A  scanning  electron  mi¬ 
crograph  of  the  YiBajCusOr-j  film  indicates  tnat  the  grain 
size  of  the  crystallites  is  about  0.35/im  which  is  comparable 
to  the  film  thickness.  Therefore  there  are  about  10  grains  on 
a  side  of  the  squares  sampled  by  the  SAW,  or  ten  junction 
resistances.  Thus  the  SAW  take  a  different  percolation  aver¬ 
age  of  the  resistors  than  the  electrical  resistance  measurement 
does.  If  we  assume  that  the  randomly  distributed  resistors  in 
these  sub-networks  have  a  Gaussiem  distribution  for  their 
critical  percolation  fractions  pc,  then 


<t>i  =  — exp  - 


(PL-Pl? 


The  width  of  this  distribution  is 


where  B  cr  1.  The  average  of  pi  is  set  equal  to  Pe,  the  critical 
percolation  fraction  of  the  whole  system,  and,  L  c;  10.  Thus 
ai  ~  0.178. 

Since  the  average  of  the  normal  resistance  Rn(L)  over  all 
sub-networks  is  proportional  to  the  observed  Oat.  and  since  Ra 
is  proportional  to  the  Adler  acousto  electric  attenuation  a^t 
one  can  invert  equation  20  of  ref.  10  to  write  another  relation 
for  the  width  of  the  distribution 

1  -I  /Oofcj.  ^ 

=  T? — 2/n( - ) 

ln(rj/n)[  'a.. 

in  which  ri  is  the  minimum  resistance  of  all  the  resistors  in  the 
network,  taken  as  the  grain  resistance.  Now  since  a,t./a.c 
4,  and  v^rjrj  =  450  we  find  that  rj  =  0.4170.  And  finally 
if  we  assume  that  ri  measiires  the  resistance  of  a  grain  of 
pure  material,  the  resistivity  of  pure  YBajCusOr  is  given  by 
p  =  rj  Ifiim  =  12.5  pOcm,  where  !/,•;«  =  thickness  of  film. 
This  value  is  at  least  a  factor  of  two  lower  than  the  lowest 
value  that  has  been  obtained  for  the  resistivity  of  a  single 
crystal  along  the  a&  plane. 

Now  we  turn  our  attention  to  the  behavior  of  the  attenu¬ 
ation  and  resistivity  in  the  superconducting  state.  We  assume 
that  the  resistors  in  the  network  become  zero  resistance  su¬ 
perconducting  Josephson  junctions  when  the  temperature  is 
such  that  their  normal  state  value  is  smaller  than  ry(r)  given 
by 


o.ss  0.S7  o.e*  o.»i  o.as  o.ts  o.»7  o.s«  i.oi  i.o)  i.os 


Reduced  Temperature  (Tg=06.9K) 


ThA(T)_,rA(T)i 

As  befon  1(T)  is  the  BCS  gap  function,  with  A(0)  = 

=  t  is  the  electronic  charge  and  h  is  Planck’s 

constant. 

We  shall  first  discuss  the  attenuation  behavior.  The  in¬ 
dividual  sub-networks  will  become  superconducting  when  the 
temperature  is  such  that  the  resistance  of  the'r  critical  per¬ 
colation  fraction  of  Josephson  resistors  has  gone  to  zero.  A 
mean  field  approximation  is  used  to  calculate  their  resistance 
above  this  temperature. 

A  binary  distribution  is  assumed 

W,(r)  =  p(T)6(r  -  0)  +  (1  -  p{T))8{r  -  R„) 

whfere  p(T)  is  the  fraction  of  resistors  that  have  gone  to  zero 
at  T.  The  average  value  of  the  nonzero  resistors  is  set  equal  to 
Rn-  .4.nd,  R{T)IR„  =  l-(p(T)/pc).  Following  the  procedure 
in  ref.  10,  we  find 


yi-rm  ^  r 

Jo 


(i  -^p-pc)^ 
2(7^ 


where  Pc  =  Pc  +  ln( — ).  The  results  of  performing  the 

integration  in  equation  3  numerically  are  superimposed  on 
the  attenuation  data  in  Figure  3.  The  fit  appears  to  be  good. 
The  temperature  scale  has  been  exptmded  to  better  show  the 
data  around  the  transition  temperature. 

We  now  turn  our  attention  to  the  resistivity.  Since  the 
dc  resistance  mecisurement  seunples  the  full  network,  Schmidt 
et  aL  have  found  that  a  binary  distribution  function  does  not 
provide  as  good  a  fit  as  one  that  tzdees  -nto  account  the  full 
distribution  given  by 

W,(r)  =  p(T)6(r)-h[l-p(r)lW„(r) 

A  mean  field  approximation  then  gives’* 


(^r  -1 


where  pi  =  2-;),(7*)  Pz  =  p(7’)pi.  The  results  of  calcu¬ 
lating  R[T)  according  to  equation  4  Me  shown,  together  with 
the  data,  ir  Fig.  4.  Again,  the  fit  to  the  data  appears  to  be 
good. 


Reduced  Temperature  (Tg=86.9K) 


Figure  3  Comparison  of  normalized  attenuation  data  with  Figure  4  Compari.son  of  normalized  .sheet  resistivity  with 

results  (solid  line)  obtained  from  percolation  model.  results  (solid  line)  obtained  from  percolation  model. 
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4.  Discussion  ;ind  Summar 


We  have  presented  SAW  measurements  on  a  Nb  film 
and  a  YBa2Cu30T  film.  Electron  phonon  interaction  was  the 
source  of  the  attenuation  mechanism  in  the  Nb  film.  A  BCS 
decrease  in  attenuation  was  observed  below  Te,  which  was 
fit  with  a  zero  temperature  energy  gap  of  3.52  kaTe.  The 
change  in  attenuation  from  the  normal  state  to  the  supercon¬ 
ducting  state  was  used  to  determine  the  electron  mean  free 
path,  whose  value  was  about  twice  as  large  as  that  found 
from  the  electrical  resistivity  measurements.  This  is  not  an 
unexpected  result  if  the  film  has  textured  domains,  because 
then  the  electrical  resistivity  will  have  an  additional  contri¬ 
bution  due  to  the  interface  re3ist2mce  between  the  domains. 
This  same  resistance  does  not  contribute  to  the  tiltrasonic  at¬ 
tenuation  since  the  latter  is  proportional  to  the  electron  mean 
free  path  and  therefore  the  longest  mean  free  path,  the  one 
within  the  domains,  will  make  the  major  contribution  to  the 
attenuation. 

A  percolation  model  was  used  to  analyze  both  the  acousto 
electric  SAW  attenuation  and  the  sheet  resistivity  of  a 
YBajCusOr  film.  This  model  gave  a  reasonably  good  fit  to 
the  temperature  dependence  of  both  sets  of  data  in  the  super¬ 
conducting  state.  More  importantly,  a  comparison  of  the  sheet 
resistivity  with  the  change  in  attenuation  between  the  normal 
and  superconducting  states  yielded  a  value  for  the  resistivity 
of  pure  YBajCusOr  crystals  along  the  ab  plane.  This  value 
of  12.5pncm  is  about  a  factor  of  two  better  than  what  has 
been  reported  in  the  literature  at  present.  Therefore,  we  be¬ 
lieve  that  SAW  attenuation  measurements  in  textured  films 
can  provide  important  information  about  the  quality  of  the 
material  being  investigated. 

The  research  at  UWM  was  supported  by  the  Office  of 
Naval  Research. 
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APPENDIX  3 


Abstract 

We  have  developed  techniques  for  the  in-situ 
deposition  of  epitaxial  YBCO  film  on  two-inch  diameter 
widers  of  LaA10j(001i  or  a-Al]O3(ll02)  with  a  Sr-doped 
La]CuO4(001)  (LSCO)  buffer  layer.  The  inductively- 
measured  transition  temperature  varied  within  the  values 
of  91.1  *  0.5K  across  the  surface  of  the  LaAlOj  wafer, 
and  90.7  *  0.4K  across  the  buffered  sapphire  wafer.  The 
epitaxial  LSCO  buffer  layer  acted  not  only  as  a  barrier 
to  diffusion  of  A1  into  the  YBCO  films,  but  improved  the 
YBCO(005)  x-ray  rocking  curve  widths  from  4*  for  films 
grown  on  bare  sapphire  to  1.2*  for  films  on  the  LSCO- 
buffered  sapphire.  The  typical  buffer-layer  thickness  was 
40  nm  although  layers  as  thin  as  4  nm  appeared  to  be 
equally  effective.  The  transport  critical  current  density 
was  greater  than  10^  A/cm*  at  77  K  for  films  on 
buffed  sapphire.  At  8.8  GHz  and  4.2K,  the  rf  surface 
resistance  was  lower  than  that  of  gold,  indicating  that 
the  films  on  sapphire  will  be  useful  in  large-area  UHF 
applications. 

Introduction 

In  a  recent  review  of  materials  issues  in  the 
fabrication  o>'  microwave  devices  &om  high  temperature 
superconductors  (HTS),^  the  requirement  that  was 
common  to  ail  applications  was  a  low  rf  surface 
resistance,  R,.  Each  microwave  component  considered 
individually  also  required  either  a  la^er  area,  lower 
dielectric  constant,  or  lower  dielectric  loss  than  is 
available  from  LaAlOj  substrates,  the  best  substrate 
alternative  at  present.  In  a  practical  subsystem, 
integration  of  components  places  an  additional  demand  on 
the  size  and  uniformity  of  high-quality  HTS  fflms. 

Sapphire  substrates  for  YBCO  filzqs  have  received  a 
great  de^  of  attention  since  they  fulfill  the  requiremmts 
of  large  size,  low  dielectric  constant,  and  low  dielectric 
loss,  with  good  mechanical  properties.  However,  since 
sapphire  has  a  poor  lattice  match  to  YBCO  and  A1 
difihses  into  YBCO  readily  at  high  (2750*  C)  temperature, 
epitaxial  buffer  layers  have  been  used  as  a  diffusion 
barrier  and  to  grade  the  lattice  parameter.  Buffer  layers 
of  MgO(100),*-<  SrTiOj{100),S  and  LaAlOs(lOO)®  have 
been  investigated  to  date  *■  all  deposited  on  the  (ll02) 
face  of  sapphire  (R-plane).  These  buffer  layer  materials 
share  the  fact  that  -  in  bulk,  single-crystal  form  -  they 
are  the  popular  substrates  for  H'ira  film  growth. 

In  this  paper,  we  describe  the  properties  of 
epitaxial  YBCO  filsu  grown  on  sapphire  with  a  new 
buffer  layer  material,  Sr-doped  La]Cu04  (LSCO).  The 
YBCO  film  properties  are  comparM  with  those  of  films 
grown  on  LaAlOg.  The  uniformity  of  film  properties  is 
presented  for  YBCO  grown  on  two-inch  diameter 
substrates  of  each  type. 

The  use  of  bulk  La2Co04  as  a  substrate  material 
for  YBCO  films  has  been  reported  just  once  where 
YBCO  was  screen-printed  on  a  polycrystalline  La}Cu04 
ceramic  to  produce  a  poor-quali^  film.'  In  our  work, 
the  La3.],Sr,Cu04  buffer  layers  had  x  =  0.2,  a  c-axis 
growth  orientation,  and  the  a  and  b  axes  were  aligned 
with  the  sapphire  sulMtrate  in  the  plane  of  the  film. 

*  Supported  in  part  by  AFOSR 
Contract  No.  F49620-88-C-0043. 

Manuscript  received  September  24,  1990. 


In  the  a-b  plane,  there  is  a  close  lattice  match  between 
LSCO  and  YBCO.  The  lattice  constant  of  LSCO  is 
nearly  independent  of  x.  LSCO  is  tetragonal  with  Sq  = 
bo  =  0.3797  nm  at  the  YBCO  deposition  temperature  of 
“TOO'C.  At  this  temperature,  YBCO  is  also  tetragonal 
with  an  a-b  lattice  constant  +2A%  larger  than  LSCO. 
There  is  a  similar  mismatch  of  -1-2.0%  between  YBCO 
and  LaAIOj. 

Film  Deposition 

Both  LSCO  and  YBCO  films  were  deposited  by 
90*  off-axis  dc  magnetron  sputtering  from  single, 
stoichiometric  targets.  The  sputter  gas  was  typically 
150  mtorr  Ar  and  50  mtorr  O}.  Our  results  with  this 
technique  and  the  effects  of  varying  the  sputter-^gas 
composition  were  published  previously.^  The  optimum 
deposition  temperature  for  LSCO  was  620-680*C.  The 
YBCO  was  deposited  at  680-720*  C.  The  details  of  the 
deposition-chamber  configuration  were  also  published.^ 

The  functions  of  the  deposition  system  which  were 
specifically  used  in  this  work  were  the  capabilities  of 
mounting  a  two-inch  wafer  on  the  5.7  cm  diameter 
circular  substrate  holder  and  rotating  the  holder  about  its 
symmetry  axis.  Silver  paint  was  usi^  for  both 
mechanical  and  thermal  anchoring  of  the  substrates 
whether  a  series  of  small  chips  or  a  single  large  wafer 
was  used.  After  deposition,  the  chamber  was  filled  to 
20  torr  O]  and  the  samples  were  first  cooled  to  400*  C 
for  a  15-20  min  soak  and  then  to  room  temperature. 

Electrical  Properties 

Data  on  the  critical  temperature,  T^,  critical 
current  density,  J^,  and  rf  surface  resistance  for  our 
YBCO  films  deposited  on  LaAlOj  substrates  by  off-axis 
sputtering  were  published  in  Ref.  9.  Examples  of  T^  and 
J;  for  YBCO  grown  on  LSCO-buffered  sapphire  substrates 
are  shown  in  Fig.  1  and  Fig.  2.  The  normal-state 
resistivity  of  the  sample  in  Fig.  1  was  characteristic  of 
samples  placed  at  the  outer  5  mm  edge  of  the  substrate 
holder  during  growth.  These  samples  had  resistivity 
values  at  room  temperature  approximately  25%  higher 
than  the  ^(300K)  =  250  jiQ-cm  obtained  over  the  rest  of 
the  sample  holder,  presumably  due  to  a  lower  substrate 


Temperoture  (K) 


Figure  1.  Resistivity  for  a  YBCO(OOl)  film  grown  on 
LSCO-buffered  sapphire.  The  inset  figure  compares  the 
resistive  transition  (open  circles)  to  the  transition 
measured  by  the  change  of  inductance  of  a  coil  placed 
against  the  film  (solid  line). 
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Figure  2.  Transport  critical  current  density  measured  in 
se^-field  plotted  as  a  fimction  of  temperature  for  YBCO 
films  deposited  on  LaAlOj  and  LSCO-buffered  sapphire. 
The  T^’s  (R=0)  for  these  films  were  91.2K  and  88K, 
respectively.  In  both  cases,  the  film  was  patterned  into  a 
25  /tm  wide  bridge  with  voltage  taps  spac^  1  mtn  apart. 
There  was  no  change  in  T^  from  patterning  the  films  in 
a  phosphoric  acid  etch.  A  5  /iV  criterion  (p  <  Q- 
cm  for  >  10*  A/cm^)  was  used  to  define  J^.  The 
film  on  sapphire  had  >  10*  A/cm^  for  temperatures 
less  than  78K. 


temperature.  The  temperature  dependence  of  the 
resistivity  was  independent  of  sample  position  with 
^(T>100K)  extrapolating  to  zero  resistivity  at  zero  kelvin 
and  supaconducting  transition  widths  of  ~1K.  The  ac 
suaceptibility  transition  (inset  in  Fig.  1)  was  typically  IK 
wide  and  occurred  at  0.5  to  IK  lower  temperature  ^an 
the  resistive  transition. 

The  critical  current  density  data  in  Fig.  2 
represents  the  highest  such  data  obtained  for  our  YBCO 
nims  grown  on  LaAlOj  and  sapphire.  Few  such 
measurements  have  htea  made  since  the  dc  current- 
carrying  capacity  is  not  directly  related  to  the  suitability 
of  films  for  microwave  applications.  However,  the  dc 
critical  current  at  T  >  77K  was  an  indicator  of  film 
homogeneity  that  generally  correlated  with  the  widths  of 
the  resistive  and  inductive  superconducting  transitions. 

Fig.  2  shows  that  YBCO  films  on  both  types  of 
substrates  had  =  10*  A/cm*  within  a  few  kelvin  of 
the  superconductmg  transition,  and  J,  >  10*  A/cm*  at 
77K. 

The  rf  surface  resistance  of  YBCO  on  buffered 
sapphire  (LSCO  30  nm  thick)  was  measured  at  4.2K  by 
two  different  techniques,  an  8.8  GHz  all- YBCO  microstrip 
resonator  and  a  4  GHz  stripline  resonator  with  a  Nb 
resonator  bar.*  In  both  cases,  the  film  served  as  a 
ground  plane  with  the  substrate  turned  so  it  was  inside 
the  resonator.  In  both  cases,  R,  was  lower  than  Chat  of 
Au.  The  calculation  of  R,  from  the  measured  Q  was 
more  straightforward  for  the  stripline  resonator  (although 
the  unloaded  Q  was  always  assumed  to  equal  the  loaded 
Q).  The  measured  Q  was  5.7k  for  YBCO  on  sapphire 
corresponding  to  R,  =  6  mO,  and  Q  was  3.8k  for  Au 
corresponding  to  R,  =  8  mO.  In  contrast,  R,  for  our 
YBCO  on  LaAlO,  was  <  1  mQ  at  77K  and  10  GHz. 
Since  R,  scales  with  frequency  as  f*  for  (most)  YBCO, 
and  is  proportional  to  f*'*  for  a  normal  metal,  the  R,  of 
YBCO  on  sapphire  represents  a  substantial  improvement 
over  Au  at  UHF  despite  its  marginal  improvement  at  X- 
band. 

Substantially  better  R,  results  at  4.2K  have  been 
reported  for  YBCO  grown  on  SrTiOj-buffered  sapphire.* 

In  those  measurements,  rf  currents  were  concentrated  at 


the  free  surface  of  the  film  rather  than  the  substrate 
interface.  Both  LSCO  and  SrTiOj  are  lossy  materials  in 
the  vicinity  of  77K  which  can  lower  the  effective  surface 
resistance  of  YBCO  in  the  types  of  rf  measurements  we 
performed.  However,  by  keeping  the  buffer  layer  thin,  rf 
losses  can  be  made  negligible.  Although  the  typical 
LSCO  buffer  layer  thickness  used  iq  this  study  was 
40  nm,  YBCO  films  grown  on  buffer  layers  as  thin  as 
4  nm  tppeared  to  be  equivalent  to  YBCO  on  the  thicker 
buffer  layers. 

The  LSCO  buffer  layers  grown  by  off-axis 
sputtering  were  significant  by  themselves.^  They  were 
grown  epitaxially  on  SrTiOj  rind  LaAlOj  substrates  in 
addition  to  sapphire.  Typical  T^’s  (R=0)  for  LSCO  films 
on  these  substrates  were  30K,  27K,  and  21K,  respectively. 
The  highest  T^’s  obtained,  31K,  were  the  highest  reported 
for  films  in  this  materials  system.  A  transport  critical 
current  density  of  7X10*  A/cm*  at  4.2K  was  the  highest 
reported  for  this  material. 

Structural  Properties 

X-ray  diffractometer  data  for  an  LSCO  film  on 
sapphire  and  a  YBCO  film  on  buffered  sapphire  are 
shown  in  Fig.  3.  In  both  cases,  the  c-axis  orientation 
exhibited  in  the  figure  was  representative  of  all  of  the 
films.  LSCO  deposited  on  the  A-plane  of  sapphire  [a- 
Al3O5(ll20)]  was  also  highly  oriented  with  roughly  equal 
fractions  of  a-axis  and  c-axis  orientation  and  no  (103)  x- 
ray  peak,  the  largest  pea^  observed  in  powder  patterns. 

The  diffraction  dqta  in  Fig.  3  proved  only  that  the 
films  were  highly  oriented  in  the  growth  direction. 

Fig.  4  contains  RHEED  patterns  obtained  from  the 
surfaces  of  a  LSCO  film  on  sapphire  and  a  YBCO  film 
grown  on  buffered  sapphire.  The  RHEED  patterns 
showed  that  the  films  were  also  highly  oriented  in  the  - 


Figure  3.  X-ray  diffraction  data  for  (aj  a  300  nm  thick 
LSCO(001)  film  grown  on  a-Al2O3(lT02),  and  (b)  a 
100  nm  thick  YBCO(OOl)  film  grown  on  a  30  nm  LSCO 
buffer  layer  on  sapphire.  The  LSCO  film  in  each  case 
had  an  exclusively  c-axis  orientation.  The  YBCO  film  in 
(b)  had  a  predominantly  c-axis  orientation.  Smsdl 
YBCO(013)  and  YBCO(200)  diffraction  peaks  indicated 
the  presence  of  some  misaligned  grains. 
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Figure  4.  Ex-situ  9  kV  RHEED  patterns  from  the 
surfaces  of  (a)  a  LSCO(OOl)  film  on  sapphire,  and  (b)  a 
YBCO(OOl)  film  grown  on  LSCO-buffered  sapphire, 
showing  that  the  films  grew  epitaxially.  In  both  cases 
the  electron  beam  was  parallel  to  [010|  directions  in  the 
films. 


Srb  plane,  that  is,  that  they  grew  epitaxially.  Both 
RHEED  patterns  in  Fig.  4  were  obtained  after  the  films 
were  briefly  exposed  to  the  atmosphere  during  a  transfer 
from  one  vacuum  system  to  another.  The  LSCO  RHEED 
pattern  was  recorded  after  cleaning  the  surface  by  heating 
the  sample  to  500*  C  in  20  torr  Oj  in  the  RHEED 
vacuum  chamber.  The  YBCO  pattern  was  recorded 
without  surface  cleaning. 


presented  in  Fig.  5  where  the  YBCO(005l  x-ray  rocking 
curve  width  (full  width  at  half  maximum)  is  plotted  as  a 
function  of  the  substrate  lattice  constant  at  700*  C.  The 
lattice  constant  of  YBCO  is  shown  as  a  dashed  line. 

The  narrowest  rocking  curves  were  measured  for  films 
grown  on  substrates  with  the  smallest  lattice  mismatch 
with  YBCO. 

The  rocking  curve  width  was  also  dependent  on  the 
film  thickness.  Most  of  the  YBCO  films  in  Fig.  5  were 
100  nm  thick.  The  exceptions  were  the  films  on  bare 
sapphire  (400-500  nm)  and  MgO-bufTered  sapphire 
(120-300  nm)  from  Ref.  11.  The  rocking  curve  width  of 
the  100  nm  thick  YBCO  film  on  LSCO-buffered  sapphire 
was  just  1.17*  -  substantially  smaller  than  for  YBCO  on 
bare  sapphire  -  but  still  large  compared  with  YBCO  on 
LaAlOj  or  SrTiOj. 

We  speculate  that  R,  for  YBCO  on  sapphire  will 
not  be  reduced  unless  the  rocking  curve  width  is  reduced. 
One  possible  route  is  to  increase  the  buffer  layer 
thickness.  The  rocking  curve  widths  of  the  (006)  peaik  of 
SOO  nm  thick  LSCO  films  were  0.68*,  0.18*,  and  0.28* 
for  sapphire,  LaAlOj,  and  SrTiOj  substrates,  respectively. 
For  such  thick  buffer  layers  to  be  practical,  the  Sr 
content  should  be  reduced  or  eliminated  to  have  an 
insulator  instead  of  a  normal  conductor  at  77K.  Surface 
roughness  is  not  a  limitation  on  bufler  layer  thickness. 
Even  the  800  nm  thick  LSCO  films  were  very  smooth. 

The  appearance  of  multiple  Laue  zones  in  the  RHEED 
pattern  in  Fig.  4(a)  gives  a  clear  indication  of  this 
smoothness. 


Although  the  RHEED  patterns  in  Fig.  4  were 
readily  obtained,  LBED  pattew  could  not  be  obtained 
for  either  LSCO  grown  on  sapphire  or  YBCO  grown  on 
buffered  sapphire.  LEED  patterns  were  obtained  for  both 
LSCO  and  YBCO  grown  on  LaAlOj  or  SrTiOj  substrates 
indicating  greater  crystalline  order  in  these  filnu  than  in 
the  ones  grown  on  sapphire. 

A  quantitative  comparison  of  the  crystalline  order 
of  epitaxial  ' YBCO  deposited  on  various  substrates  is 
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Figure  5.  X-ray  rocking  curve  widths  for  the  (005)  peak 
of  epitaxial  YBCO  films  grown  on  various  substrates. 

The  data  is  seen  to  correlate  with  the  difference  between 
the  lattice  constant  of  YBCO  and  that  of  the  substrate 
at  the  deposition  temperature  of  700*  C.  For  sapphire 
and  yttria-stabilized  zirconia  (YSZ),  the  lattice  spacing  is 
the  length  of  a  diagonal  in  the  two-dimensional  surface 
lattice  that  lies  parallel  to  a  <100>  direction  in  the 
YBCO  film.  The  data  on  MgO-buffered  sapphire  is  from 
Ref.  11. 


Film  Uniformity 

Fig.  6  shows  the  transition  temperature  and 
indicates  the  location  on  the  substrate  holder  of  five 
YBCO  films  grown  on  LaALOj  chips  without  rotating  the 
holder.  The  resistive  transition  was  defined  by  R=0. 

The  inductive  transition  was  defined  as  the  temperature 
where  50%  of  the  change  in  susceptibility  had  occurred. 
The  transitions  were  all  qualitatively  like  the  one  shown 
in  Fig.  1.  The  variation  in  T^  across  the  substrate 
holder  was  less  thu  IK.  The  excellent  uniformity 
displayed  in  Fig.  6  is  similar  to  results  obtained  in  Refs. 

9  and  12  with  individual  chips  placed  on  a  stationary 
two-inch  diameter  holder. 
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Figure  6.  The  resistive  and  inductive  transition 
temperatures  of  YBCO  films  on  five  LaAlOj  chips  spaced 
across  a  two-inch  diameter  area  and  coated  without 
rotating  the  substrate  holder.  The  variation  in  T^  was 
less  than  IK. 
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Figure  7.  Resistive  and  inductive  transition  temperatures 
measured  on  a  series  of  chips  cut  from  two-inch  diameter, 
YBCO-coated  LaAlOj  and  buffered  sapphire  wafers  and 
plotted  as  a  function  of  distance  from  the  center  of  the 
wafer. 


In  Fig.  7,  the  resistive  and  indcutive  transition 
temperatures  are  plotted  as  a  function  of  distance  &om 
the  center  of  a  two-inch  diameter  wafer  of  LaAlOj  or 
LSCO-buHered  sapphire.  The  Y6C0  films  were  deposited 
before  dicing  the  wafer  and  the  substrate  holder  was 
rotated  during  deposition.  The  film  on  LaAlOj  was 
ISO  nm  *10%  thick  everywhere  on  the  wafer.  The 
variation  of  *10%  was  due  to  the  difiiculty  in  measuring 
accurate  film  thicknesses  on  heavily-twinned  LaAlOj.  The 
inductively-measured  transition  temperature  varied  within 
the  values  of  91.1  *  0.5K  across  the  surface  of  the 
LaAlOj  wafer,  and  00.7  *  0.4K  across  the  buffered 
sapphire  wafer. '  Assuming  a  constant  film  thickness 
across  the  wafer,  the  room-temperature  resistivity  was  in 
the  range  of  260  *  20  /lO-cm  over  all  but  the  outer 
5  mm  ^  the  wafer  for  both  types  of  wafers.  The  outer 
5  mm  ring  had  a  resistivity  approximately  25%  higher  at 
all  temperatures. 

Conclusions 

*  LSCO(OOl)  Aims  as  thin  as  40  angstroms  grown 
epitaxially  on  R-plane  sapphire  are  effective  buffer  layers 
for  growth  of  YBCO.  It  is  not  clear  at  this  point 
whether  LSCO  is  superior  to  SrTiOj  or  MgO  buffer 
layers.  It  has  an  a  priori  advantage  over  MgO  in  having 
a  closer  lattice  match  to  YBCO. 

*  Although  Tf  and  are  high  for  YBCO  on 
buffered  sapphire,  R,  is  only  low  enough  for  practical 
applications  at  UHF.  However,  the  n^  for  large 
su^trates  is  particularly  acute  in  UHF  applications  since 
device  size  is  often  determined  by  wavelength. 

*  Rocking  curve  widths  show  that  YBCO  is  not  as 
well  aligned  on  buffered  sapphire  as  on  single-crystal 
perovskite  substrates.  The  mosaic  spread  in  the  growth 
direction  and  in  the  plane  of  YBCO  films  is  perhaps  the 
most  important  parameter  in  determining  rf  surface 
resistance.  The  YBCO(005)  x-ray  rocking  curve  width 
improved  from  4*  for  films  grown  on  bare  sapphire  to 

1.2*  for  films  on  the  LSCO-buffered  sapphire. 

*  Excellent  uniformity  has  been  obtained  for  growth 
of  YBCO  on  2-mch  diameter  LaAlOj  and  sapphire 
wafers.  The  capability  of  producing  films  on  this  scale 
not  only  increases  the  possible  size  of  microwave 
components  but  permits  them  to  be  integrated  on  a 
single  wafer. 
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The  critical  parameters  in  the  single-target  magnetron  sputtering  of  YUa-Cui07  have  l>een 
identified  and  sutficiontiy  optimized  to  allow  the  reproducible  deposition  of  films  with 
TV’s  of  >  90  K  and  T,.’s  of  >  10*’  A/cm^  at  77  K.  It  was  found  that  during  film  growth  the 
bombardment  of  the  Yna2Cui07  by  energetic  particles  must  be  minimized  and  also  a 
stronger  oxidizing  agent  than  molecular  oxygen  must  be  present  to  obtain  films  with  these 
properties.  Otherwise,  films  are  deposited  that,  by  x-ray  diffraction  and  energy 
dispersive  x-ray  spectroscopy  analyses,  are  indistinguishable  from  the  highcst-7'^  1:2:3 
stoichiometric  materia!  but  which  have  critical  temperatures  of  <90  K.  Films  need  not  have 
1:2:3  overall  stoichiometry  to  have  optimum  superconducting  properties.  In  such  cases 
the  excess  elements  are  present  as  second-phase  particles. 


I.  INTRODUCTION 

Among  the  high-T',  oxide  superconductors,  the  most 
studied  and  at  the  present  time  the  most  important  for 
electronic  applications  is  YBa2Cu307  (YBCO).  A  variety 
of  techniques  has  been  reported  for  preparing  this  com¬ 
pound  in  thin-film  form.  One  of  the  most  successful  of 
these  has  been  single-target  sputtering.  In  the  past  few 
years  there  have  been  several  papers  describing  the  prepa¬ 
ration  and  properties  of  YBCO  films  made  by  this  tech¬ 
nique.  (See  Refs.  1-5  for  examples  of  reports  on  single- 
target  sputtering).  In  these  papers,  however,  there  are 
significant  differences  reportal  in  the  properties  of  the 
sputtered  YBCO  films.  Also,  there  is  presently  no  consen¬ 
sus  regarding  the  optimum  experimental  procedures  for 
depositing  the  highest-quality  films.  This  perhaps  should 
not  be  surprising  since  in  sputtering  there  are  very  many 
experimental  variables  that  can  and  often  do  influence  film 
quality.  These  variables  tend  to  be  closely  interdependent, 
which  can  make  their  identification  and  optimization  a 
very  difficult  problem.  In  this  paper  we  report  on  what  we 
believe  to  be  the  most  important  variables  in  the  single- 
target  sputtering  of  YBCO.  We  also  report  on  the  condi¬ 
tions  that  we  have  found  for  depositing  YBCO  with  opti¬ 
mum  superconducting  properties.  Some  of  the  data 
discussed  in  this  paper  have  been  reported  previously  in  a 
preliminary  or  abbreviated  form.*’^ 

II.  EXPERIMENTAL  PROCEDURE 

All  of  the  sputtering  experiments  were  done  in  a  non- 
baked  vacuum  chamber  that  had  a  base  pressure  in  the  low 
10  ~  ‘-Torr  range.  Films  were  deposited  from  a  rf  magne¬ 
tron  sputter  gun  manufactured  by  US,  Inc.  This  gun  was 
used  with  either  rf  or  dc  power.  Two  types  of  pressed  and 
sintered  sputtering  targets  were  used,  cither  orthorhombic 
or  tetragonal  YBa2CujO^.  In  both  cases  the  dimensions 
were  2  in.  diameter  and  a  0.25  in.  thick.  Two  target-sub¬ 
strate  configurations  were  investigated.  These  arc  illus¬ 
trated  in  Fig.  1.  The  substrate  holder  used  was  a  5.7-cm- 
diam  nickel  block  mounted  on  a  manipulator  that  could  be 
positioned  in  cither  of  the  two  orientations  shown  in  this 


figure.  The  substrates  were  single-crystal  SrTi03  ( 100)  and 
(110),  LaAlOj  (100),  MgO  (100),  and  T? -plane  sapphire. 
The  nickel  block  temperature  was  determined  by  a  ther¬ 
mocouple  located  in  a  well  in  the  back  of  the  block.  The 
relationship  of  this  temperature  to  the  substrate  surface 
temperature  was  determined  using  an  infrared  pyrometer. 
The  accuracy  of  the  surface  temperature  reported  here  is 
estimated  to  be  ±20*C  The  sputtering  gases  were  oxygen, 
argon,  and  water  vapor  mixed  in  various  combinations. 
The  sputtering  gas  was  continuously  pumped  from  the  sys¬ 
tem  during  the  deposition  process.  Following  deposition, 
the  films  were  annealed  in  situ  in  pure  oxygen  for  20  min  at 
400  *C  and  then  allowed  to  cool  to  room  temperature  be¬ 
fore  being  removed  from  the  system.  An  oxygen  pressure 
of  25  Torr  was  found  to  be  adequate  for  this  low-temper¬ 
ature  annealing.  The  use  of  higher  pressures  produced  no 
improvement  in  film  properties. 

Film  compositions  were  determined  by  energy  disper¬ 
sive  x-ray  spectroso^y  (EDS).  The  accuracy  and  repro¬ 
ducibility  of  the  EDS  analyses  were  approximately  ±2 
aU  %.  Structural  analyses  were  by  x-ray  diffraction,  trans¬ 
mission  electron  microscopy  (TEM),  and  scanning  elec¬ 
tron  microscopy  (SEM).  T/s  were  measured  both  resis- 
lively,  using  the  standard  van  der  Pauw  method,  and  also 
inductively,  //s  were  determined  by  passing  current 
through  a  25-/zm-wide  by  1-mm-long  bridge  and  observing 
the  onset  of  resistance.  A  l-/zV  microvolt  criterion  was 
used  to  define  which  is  equivalent  to  <  10  "  ft  cm  over 
most  of  the  temperature  range  employed. 

III.  RESULTS  AND  DISCUSSION 

A  major  difficulty  in  reporting  data  on  any  sputtering 
process  is  the  large  number  of  interdependent  parameters 
that  can  and  often  do  influence  the  quality  of  the  deposited 
films.  To  try  to  minimize  this  problem,  wc  will  begin  our 
discussion  by  listing  a  specific  (but  not  unique)  set  of  con¬ 
ditions  that  was  found  to  produce  high-quality  YBCO 
films.  Starting  from  this  base  point  wc  will  then  report  on 
the  effect  of  changing  each  of  the  individual  parameters. 
This  starting  set  of  conditions  is  shown  in  Table  I.  Under 
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FIG.  I.  Schematic  drawing  illustrating  the  ofT-axis  (left-hand  side)  and 
the  parallel  (right-hand  side)  target-substrate  configurations  employed  in 
this  work. 


these  conditions  the  deposition  rate  was  a  ~20  nm/h.  The 
deposited  films  were  found  to  be  c-axis  oriented  with  a 
lattice  parameter  of  1.170  nm.  TEM  analysis  indicated  that 
the  in-plane  orientation  was  the  same  throughout  the  ~  1- 
mm^  area  that  was  scanned  indicating  that  the  film  had 
grown  epitaxially. 

The  critical  temperature  and  the  critical  current  den¬ 
sity  of  films  grown  under  the  above  conditions  are  shown 
in  Figs.  2  and  3.  The  properties  of  films  down  to  a  thick¬ 
ness  of  ~20  nm  were  similar.  At  thicknesses  of  ~10  and 
~  7.5  nm,  values  as  high  as  85  and  75  K,  respectively,  were 
obtained.  Films  of  this  quality  were  deposited  over  the 
entire  area  of  the  substrate  holder. 

We  will  now  confer  the  effect  of  changing  each  of  the 
sputtering  parameters  listed  in  Table  I.  Unless  specifically 
noted  otherwise,  all  of  the  conditions  will  be  those  shown 
in  the  table  with  the  exception  of  the  variable  being  inves¬ 
tigated. 

A.  Target-substrate  configuration 

Although  eventually  T/s  of  >90  K  were  obtained 
with  both  of  the  two  substrate-target  configurations  stud¬ 
ied,  initially  when  using  the  conditions  listed  in  Table  I, 
with  the  exception  of  the  substrate-target  configuration 
that  was  changed  to  the  parallel  orientation  (see  iMg.  1), 
we  obtained  films  with  T/s  of  only  ~75  K.  EDS  analyses 
of  these  films  showed  that  they  had  the  same  1:2:3  cation 
stoichiometry  as  those  grown  in  the  off-axis  configuration. 
From  x-ray  data  the  films  were  also  found  to  have  grown 


TABLE  I.  Set  of  sputtering  conditions  for  preparing  high-quality  YBCO 
films. 


Target-substrate  configuration 

W  olT-axis 

Power  mode 

dc 

Sputtering  target 

newly  fabricated  pres.sed  and 
sintered  orthorhombic  structure  YBCO 

Gas  composition 

argon/oxygen 

Gas  pressure 

250  mTorr  argon.  50  mTorr  oxygen 

Substrate  temperature 

670  "C 

Substrate  material 

single-crystal  LaAIO, 

Sputtering  voltage 

175  V 

Sputtering  current 

0.3  A 

FIG.  2.  The  resistive  (/t  =0)  and  inductive  critical  temperatures  of  a 
I  JO-nm  YBCO  film  made  under  the  conditions  li.sicd  in  Table  I. 


with  c-type  epitaxy  and  had  lattice  parameters  similar  to 
the  >  90-K  off-axis  films.  X-ray  data  for  a  representative 
90-K  film  and  a  75-K  film  are  shown  in  Fig.  4.  These  data 
are  for  films  grown  on  MgO  substrates  which  exhibited 
superconducting  properties  similar  to  those  on  LaAlOy. 
TfS  of  90  K  were  ultimately  achieved  in  films  grown  in  the 
parallel  orientation  by  increasing  the  sputtering  gas  pres¬ 
sure  to  over  400  mTorr.  A  detailed  description  of  the  effect 
of  the  sputtering  gas  on  superconducting  properties  will  be 
given  in  the  section  dealing  with  that  variable. 

Very  early  in  the  development  of  sputtering  as  a  means 
for  preparing  YBCO  films  it  was  reported*  that  the  pres¬ 
ence  of  negative  oxygen  ions  in  the  plasma  could  produce 
backsputtering  from  the  depositing  films.  Since  Cu  and  Ba 
tended  to  backsputter  preferentially,  early  YBCO  films  of¬ 
ten  did  not  have  1:2:3  stoichiometry.  This  lack  of  proper 
cation  stoichiometry  was  given  as  the  reason  why  these 
films  had  poor  superconducting  properties.  Solutions  to 
this  problem  were  accomplished  by  increasing  the  sputter¬ 
ing  gas  pressure  and  by  changing  the  target-substrate 
orientation.'"*  Both  of  these  two  techniques  lower  the  en¬ 
ergies  of  the  particles  bombarding  the  substrate  and  pre¬ 
vent  the  preferential  backsputtering  of  Cu  and  Ba.  The 
present  results  show,  however,  that  even  when  particle 
bombardment  is  minimized  sufficiently  that  proper  cation 


FIG.  3.  Critical  current  density  vs  temperature  data  for  a  ISO-nm  YBCO 
film  made  under  the  oondilioos  listed  in  Table  I. 
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FIG.  4  X-ra\ •difl’raciiuu  daiu  i)ii  a  filni 
grown  under  conditions  of  Tabic  I  (lower 
trace)  and  data  on  another  film  deposited 
under  liie  same  conditions  except  that  a 
parnlle)  substrate-target  configuration  was 
used  (upper  trace).  The  c-axis  epitaxy  and 
lattice  parameters  (I.J70  nm)  of  the  two 
films  are  the  same  despite  a  difference  in 
r,  of  15  K. 


stoichiometry  is  maintained,  films  can  be  produced  which 
still  have  inferior  properties. 

Another  example  of  material  which  was  found  to  have 
l'.2:3  stoichiometry  but  which  did  not  have  optimum  prop¬ 
erties  is  films  deposited  near  the  outside  periphery  of  the 
substrate  holder  when  using  the  parallel  orientation. 
Whereas  in  the  off-axis  configuration,  under  the  conditions 
of  Table  1,  —90-K  films  were  obtained  over  the  entire 
2-in.-diam  area  of  the  substrate  holder,  similarly  high 
r/s  were  obtained,  when  using  the  parallel  configuration 
and  a  total  gas  pressure  of  400  mTorr,  only  in  the  center 
approximately  1-in.  area.  Films  outside  this  center  region 
had  r,  s  ~  15  K  lower.  All  of  the  films,  regardless  of  lo¬ 
cation,  had  1:2:3  stoichiometry  and  there  was  no  correla¬ 
tion  between  T/s  and  the  lattice  parameters  of  the  c-axis 
films.  Initially,  it  was  thought  that  the  small  temperature 
difference  between  the  center  and  outade  of  the  substrate 
holder  might  be  responsible  for  the  degraded  properties  in 
the  films  positioned  near  the  outside  perimeter  of  the 
holder.  From  optical  pyrometry  it  appeared  that  this  tem¬ 
perature  difference  was  about  20  *C.  This  possibility  was 
eliminated,  however,  by  positioning  the  block  s6  that  the 
outside  perimeter,  i.e.,  the  coldest  part,  was  directly  oppo¬ 
site  the  center  axis  of  the  target.  In  this  configuration  the 
highest  Tf's  now  were  in  the  films  near  the  edge  and  the 
lowest  were  those  in  the  center.  Finally,  to  insure  that  the 
differences  in  critical  temperatures  were  not  due  to  some 
subtle  differences  in  the  low-temperature  postannealing 
process,  representative  films  were  ex  situ  annealed  at 
400  *C  for  4  h  in  1  atm  of  o.iygen.  No  changes  in  T/s  were 
observed. 

It  is  clear  from  the  above  data  that  under  certain  con¬ 
ditions  the  bombardment  of  the  depositing  films  during 
sputtering  can  be  minimized  sufficiently  to  eliminate  cation 
backsputtering  but  not  sufficiently  to  allow  the  formation 


of  the  highest- Tf  YBCO  phase.  In  such  cases  a  structure  is 
formed  which,  based  on  our  diffraction  data,  closely  resem¬ 
bles  the  now  well-known  orthorhombic  YBCO  structure 
but  which  has  a  lower  critical  temperature.  There  arc  two 
plausible  explanations  for  the  formation  of  this  lower-r^. 
structure.  It  is  possible  that  the  >  90-K  YBCO  phase  is 
sufficiently  unstable  that  even  a  relatively  mild  particle 
bombardment  inhibits  its  formation.  In  such  a  case,  some 
lower-energy  structure  would  be  formed.  Another  possible 
hypothesis  is  that  even  a  mild  particle  bombardment  can 
cause  the  backsputtering  of  some  reacting  species  that  may 
be  critical  to  the  formation  of  the  highest- TV  structure,  thus 
inhibiting  its  formation.  We  will  renew  the  discussion  of 
these  hypotheses  in  the  context  of  other  experimental  re¬ 
sults. 

B.  dc  versus  rf  sputtering 

We  have  successfully  sputtered  YBCO  films  with  sim¬ 
ilarly  high  critical  temperature  and  current  values  using 
cither  rf  or  dc  power.  However,  problems  of  reproducibil¬ 
ity  were  encountered  when  using  rf  sputtering  in  the  par¬ 
allel  configuration.  In  this  case  where  the  target  and  sub¬ 
strates  arc  positioned  closer  to  each  other  than  in  the  off- 
axis  configuration,  one  could  sometimes  observe  an  intense 
plasma  surrounding  the  substrates.  When  this  was  not  ob¬ 
served,  the  quality  of  the  films  was  high,  comparable  to 
that  achieved  with  dc  sputtering.  When  the  substrates  were 
within  this  type  of  plasma,  the  superconducting  properties 
were  degraded,  the  r^'s  occasionally  being  depressed  to  as 
low  as  65  K.  Once  again,  similar  to  the  data  reported 
above,  based  on  x-ray-diffraction  and  EDS  analyses,  the 
composition,  the  structure,  and  lattice  parameters  of  all  of 
the  films  were  essentially  the  same  despite  the  differences  in 
Tf.  We  arc  not  certain  regarding  the  reason  for  the  random 
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difTcrciiccs  in  tlie  size  and  intensity  of  the  plasma  in  the 
vicinity  of  the  substrates  when  using  rf  power.  In  dc  sput¬ 
tering  the  plasma  tended  to  be  smaller  and  liKalized  near 
the  target  and  an  intense  phtsma  was  never  observed  close 
to  the  substrates. 

The  data  on  the  rf-deposited  films  arc  of  interest  since 
they  provide  another  indication  of  the  deleterious  effect  of 
particle  bombardment  on  the  formation  of  >‘)0-K  YBCO 
phase.  These  data,  however,  provide  no  further  iasight  re¬ 
garding  the  mechanism  by  which  this  occur.v 

C.  Sputtering  targets 

In  Table  I  it  is  noted  that  a  new  sputtering  target  was 
used  tti  deposit  the  YBCO  films  whose  properties  are 
shown  in  Figs.  2  and  3.  We  have  observed  that  as  the 
sputtering  time  from  a  target  increased,  the  character  of 
the  sputtering  process  and  the  property  of  the  films  grad¬ 
ually  changed.  Maintaining  the  conditions  Ifsted  in  Table  I 
over  a  period  of  hundreds  of  hours  the  sputtering  voltage 
would  slowly  drop  to  100  V  and  less  and  the  deposition 
rate  would  go  down  to  ~  10  nm/h.  ALso,  and  most  impor¬ 
tant,  the  superconducting  properties  of  the  films  would 
gradually  degrade.  Instead  of  the  90-K  T/s  obtained  ini¬ 
tially,  the  critical  temperatures  would  drop  to  83  K  and 
less.  This  problem  required  the  frequent  replacement  of 
targets  in  order  to  produce  films  with  optimum  T/s.  Tar¬ 
get  replacement  was  usually  done  when  the  voltage  had 
dropped  to  ~  120  V.  At  this  value  the  critical  temperatures 
of  films  were  still  typically  above  85  K.  Once  again,  similar 
to  previous  results,  x-ray  analyses  showed  tlmt  both  the 
high-  and  lower- r,  films  were  c-axis  oriented  with  similar 
lattice  parameters,  and  from  EDS  analyses,  the  composi¬ 
tions  of  all  the  films  were  at  or  near  to  1:2:3  stoichiometry. 

We  have  also  found  that,  under  the  conditions  of  Table 
I,  a  nonsuperconducting  (tetragonal  structure)  target,  par¬ 
ticularly  when  new,  would  produce  films  with  very  de¬ 
pressed  properties.  In  one  extreme  case,  films  deposited 
from  a  new  tetragonal  target  had  T/s  of  only  —  50  K. 
Replacing  this  target  with  a  new  superconducting  (ortho¬ 
rhombic  target)  immediately  produced  films  with  T/s  of 
90  K.  EDS  and  x-ray-diffraction  analyses  again  could  not 
distinguish  between  the  30-  and  the  90-K  films.  The  lattice 
parameters  of  two  representative  films  from  this  set  of  ex¬ 
periments  were  1.1718  and  1.1726  nm.  Significantly,  the 
film  with  the  larger  parameter  was  sputtered  from  the 
orthorhombic  target  and  had  the  higher  critical  tempera¬ 
ture  while  the  lower- T,  film  from  the  tetragonal  target  had 
the  smaller  parameter.  This  is,  of  course,  the  opposite  of 
what  one  would  expect  if  both  films  had  the  standard 
orthorhombic  YBCO  structure  and  the  depres.sed  Tr one 
of  the  films  was  due  to  an  oxygen  deficiency. 

We  believe  that  these  results  on  the  influence  of  the 
target  on  film  properties  provide  an  important  insight  to¬ 
ward  understanding  the  YBCO  growth  process.  The  data 
reported  above  on  films  deposited  in  the  parallel  configu¬ 
ration  at  300  niTorr  indicated  that  the  depressed  T/s,  in 
those  1:2:3  stoichiometric  films,  were  due  to  panicle  bom¬ 
bardment  of  the  films  during  the  growth  process  that  pre¬ 
vented  the  formation  of  the  orthorhombic  90-K  phase. 


From  tho.se  data,  however,  if  wa.s  not  possible  to  determine 
whether  the  bombardment  destabilized  the  90-K  phase 
causing  a  lower-energy  lower- T,  1:2:3  structure  to  form,  or 
whether  backsputtering  due  to  the  bombardment  pre¬ 
vented  some  reactive  species,  which  is  critical  for  the 
YBCO  to  form,  from  staying  at  the  substrate  surface.  This 
latter  possibility  would  also  inhibit  the  formation  of  the 
highest- Tf  YBCO  phase.  In  the  present  set  of  experiments, 
since  the  sputtering  voltages  for  llie  two  targets  were  found 
to  be  similar,  it  is  reasonable  to  assume  that  the  level  of 
panicle  bombardment  of  the  substrates  in  the  two  cases  is 
also  similar.  Therefore  the  low  critical  temperatures  only 
in  the  films  from  the  tetragonal  target  cannot  be  ascribed  to 
the  destabilizing  effect  of  particle  bombardment  on  the 
YBCO  structure.  Based  on  this  conclusion,  it  would  appear 
that  there  is  indeed  .some  critical  reactive  species  that  is 
required  to  form  YBCO  and  in  these  experiments  it  was 
available  in  sufficient  quantity  only  in  the  onhorhombic 
target.  This  unknown  species  is,  undoubtedly,  activated 
oxygen.  These  data  thus  indicate  that  molecular  oxygen, 
which  was  available  in  large  quantity  in  the  sputtering  gas 
in  both  experiments,  is  not  sufficiently  reactive  to  permit 
the  formation  of  the  90-K  YBCO  phase. 

This  explanation  is  consistent  with  the  observed  dete¬ 
rioration  of  film  properties  with  target  usage  even  though 
the  cation  compositions  of  the  degraded  films  remain  un¬ 
changed. 

0.  Sputtering  gas 

We  have  already  commented  on  the  criticality  of  gas 
pressure  for  achieving  optimum  superconducting  proper¬ 
ties  when  sputtering  in  the  parallel  configuration.  Using 
this  configuration,  and  having  a  gas  pressure  similar  to  that 
listed  in  Table  I,  produced  films  with  depressed  T^’s.  It  was 
necessary  to  raise  the  pressure  to  over  400  mTorr  in  order 
to  deposit  films  with  properties  similar  to  those  of  Table  I. 
Although  employing  a  total  sputtering  gas  pressure  below 
—400  mTorr  caused  the  above-mentioned  decrease  in  crit¬ 
ical  temperature,  it  required  pressures  less  than  300  mTorr 
before  films  were  deposited  which  did  not  have  1:2:3  stoi¬ 
chiometry.  As  would  be  expected,  such  films  were  not  su¬ 
perconducting. 

We  found  that  gas  pressure  had  an  analogous  effect 
when  using  the  off-axis  configuration.  Decreasing  the  pres¬ 
sure  to  100  mTorr  still  allowed  the  deposition  of  optimum 
quality  films.  However,  at  approximately  50  mTorr,  deg¬ 
radation  in  film  properties  was  observed  although  cation 
stoichiometry  remained  unchanged.  Rims  made  at  25 
mTorr  were  found  not  to  be  superconducting  and  their 
stoichiometry  was  far  removed  from  1:2:3.  It  should  be 
noted  that  undue  attention  should  not  be  payed  to  the 
absolute  pressures  reported  here  since  these  values  arc 
somewhat  dependent  on  such  things  as  chamber  geometry 
and  the  location  of  the  pressure  gauge. 

We  will  consider  next  the  effect  of  changing  gas  com¬ 
position  on  superconducting  properties.  We  have  found 
that  increasing  the  oxygen.-argon  ratio  of  the  .sputtering  gas 
had  no  deleterious  effect  on  either  the  or  the  of 
YBCO  films.  In  fact,  films  with  T/s  greater  than  90  K 
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FIG.  5  Tlic  upper  trace  shows  an  x-ray- 
difTraclion  pattern  of  a  film  sputtered  in 
oxygen  from  a  degraded  target.  The  films 
contains  a  c-axis  nonsuperconducting 
Ba-Cu-O  structure  with  a  lattice  parameter 
of  1 .  1 629.  The  lower  trace  is  the  pattern  for 
a  film  prepared  under  the  same  conditions 
but  after  a  long  sputtering  time.  The  T,  is 
now  85  K  and  the  lattice  parameter  is 
1.1692. 


were  sputtered  in  pure  oxygen  in  both  target-substrate  con¬ 
figurations.  Maintaining  the  same  pressure  but  substituting 
up  to  90%  of  the  oxygen  with  argon  also  produced  films 
with  similarly  high  critical  temperatures.  X-ray  analyses  of 
films  made  with  and  without  argon  showed  the  same  type 
of  c-axis  growth  illustrated  in  Fig.  4.  However,  EDS  anal¬ 
yses  indicated  that  films  sputtered  in  pure  oxygen  tended  to 
have  a  slightly  Y-rich  composition  ( •~Y2|Ba2gCO]|0;r). 
TEM  analyses  showed  that  the  excess  yttrium  was  present 
as  the  2:1:1  phase.  We  assume  that  if  sputtered  long 
enough  in  oxygen  the  surface  cation  composition  of  the 
target  would  eventually  change  allowing  the  deposition  of 
films  with  1:2:3  stoichiometry.  However,  even  when  this 
type  of  slightly  Y-rich  film  was  obtained,  the  critical  cur¬ 
rent  densities  as  well  as  critical  temperature  were  still  high, 
similar  to  those  shown  in  Figs.  2  and  3. 

Although  sputtering  even  in  pure  oxygen  produced  no 
deleterious  effect  on  superconducting  properties,  increasing 
the  argon:oxygen  ratio  to  approximately  10  or  higher, 
caused  a  very  sharp  degradation  in  superconducting  prop¬ 
erties  with  time.  When  sputtering  was  done  in 'argon  alone, 
after  only  a  few  hours  a  noticeable  drop  in  film  quality 
began  to  be  observed.  Continuing  sputtering  in  pure  argon 
eventually  produced  films  that  were  very  yttrium  rich, 
Y42Ba33Cu2sOjp  and  were  not  superconducting.  It  is  impor¬ 
tant  to  emphasize,  however,  that  although  ultimately  the 
films  had  this  composition  and  were  not  superconducting, 
the  very  first  films  had  close  to  optimum  properties  despite 
the  absence  of  molecular  oxygen  in  the  sputtering  gas. 

After  degrading  a  new  orthorhombic  target  by  sputter¬ 
ing  from  it  for  many  hours  in  pure  argon  we  found  that  it 
could  be  almost  completely  regenerated  by  sputtering  in 
pure  oxygen.  Using  the  parallel  configuration  films  were 
sputtered  in  oxygen  from  a  degraded  target.  Initially  films 


were  deposited  that  had  the  same  very  Y-rich  composition 
as  those  made  in  argon.  After  about  12  h  of  sputtering, 
however,  the  above-mentioneo  ilightly  Y-rich  composition 
typical  for  films  sputtered  in  pure  oxygen  from  a  new  tar¬ 
get  was  obtained.  From  x-ray  analyses  these  films  were 
now  c-axis  oriented  but  they  had  unusually  small  lattice 
parameters  of  1.1629  nm.  They  were  not  superconducting 
down  to  4.2  K.  Further  sputtering  produced  films  that 
continued  to  have  the  same  cation  stoichiometry  and  c-axis 
epitaxy  but  which  had  gradually  larger  lattice  parameters. 
Ultimately  the  lattice  parameters  reached  1.1692  nm  and 
the  TfS  reached  ~85  K.  Further  sputtering  produced  no 
more  changes.  Figure  5  shows  x-ray  data  for  one  of  the 
c-axis  Donsuperconducting  films  and  for  an  83-K  film. 

These  results  provide  additional  and  even  stronger  ev¬ 
idence  for  the  cntical  importance  of  the  target  on  the  prop¬ 
erties  of  sputtered  films.  By  sputtering  in  pure  argon  a 
target  was  produced  that,  when  later  used  with  pure  oxy¬ 
gen  as  the  sputtering  gas,  deposited  films  with  proper  cat¬ 
ion  stoichiometry  and  c-axis  epitaxy  but  which  were  not 
superconducting.  In  this  case,  the  very  low  lattice  param¬ 
eters  of  this  c-type  structure  clearly  indicates  that  it  was 
not  the  orthorhombic  YBCO  phase. 

E.  Substrate  temperature 

We  have  found  that  raising  the  substrate  temperature 
to  750  *C  produced  no  significant  changes  in  the  supercon¬ 
ducting  properties  of  the  sputtered  films.  No  investigation 
of  higher  temperatures  were  attempted  due  to  limitations 
of  our  substrate  heater.  Lowering  the  substrate  tempera¬ 
ture  below  670  *C,  however,  produced  two  important  ef¬ 
fects.  Gradually  more  a-axis  orientation  was  observed  in 
the  films  deposited  on  the  LaAI03  substrates  and  also  there 
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FIG.  6.  C'rifical  current  density  nf  YHCO  lilm  sputtered  on  a  (110) 
SrTiOi  substrate.  The  lower  curve  is  with  the  current  in  the  { 103)  direc¬ 
tion  and  the  upper  curve,  in  the  <1(K))  directitnt. 

was  a  gradual  decrease  in  critical  temperature.  Filins  de¬ 
posited  at  600  *C  under  conditions  listed  in  Table  I  had 
over  90%  o-axis  growth;  however,  they  had  very  low 
Tf's  of  <80  K.  Similar  results  were  obtained  regardless  of 
target-substrate  configuration.  We  were  eventually  able  to 
obtain  superconducting  films  with  T^'s  as  high  as  85  K  on 
LaAlOj  at  600  *C  by  adding  water  vapor  to  the  sputtering 
gas.  In  experiments  on  the  affect  of  residual  gases  on  film 
growth,  we  have  found  that  water  vapor  is  a  very  effective 
oxidizing  agent  for  the  growth  of  YBCO  in  sputtered  films. 
More  detailed  results  on  the  use  of  water  vapor  will  be 
discussed  in  the  section  dealing  with  residual  gases. 

F.  Substrate  materials 

Among  the  substrates  studied,  only  the  films  deposited 
on  sapphire  did  not  have  optimum  T/s  of  at  least  90  K. 
The  maximum  critical  temperatures  for  YBCO  on  sapphire 
were  ~87  K.  These  values  were  obtained  only  in  films 
deposited  at  —  750  *C.  However  even  in  this  case  where  the 
Tf  was  close  to  the  optimum  values  obtained  with  the  other 
substrates,  the  //s  were  greatly  depressed.  With  the  excep¬ 
tion  of  those  deposited  on  sapphire  the  y/s  of  YBCO  films 
that  had  c-axis  orientation  all  were  similarly  high.  These 
include  films  deposited  on  (100)  MgO.  (100)  SrTiOj,  as 
well  as  those  on  LaAIOv  In  the  case  of  LaAlOi,  predom¬ 
inantly  c-axis  growth  occurred  only  a(  temperatures  of 
670  *C  and  higher.  Below  670  *C.  progressively  more  of  the 
YBCO  showed  a-axis  growth  as  the  temperature  was  de¬ 
creased.  As  expected  for  o-axis  YBCO,  these  films  had 
lower  critical  currents  than  those  with  c-axis  epitaxy. 
Lower  J^’n  were  also  obtained  on  films  deposited  on  ( 1 10) 
SrTiO»  substrates.  In  this  ease  the  orientation  of  the  YBCO 
was  a  mixture  of  (103)  and  (103).  The  critical  current 
densities  of  these  films  were  anisotropic,  as  seen  in  Fig.  6. 

G.  Residual  gases 

Although  many  of  the  YBCO  sputtering  experiments 
reported  in  the  literature  were  done  in  nonbaked  vacuum 


systems,  there  has  been  little  information  published  on  the 
eireci  of  residual  gas  impurities  on  the  properties  of  the 
film.s.  We  have  analyzed  the  gases  in  our  sputtering  sy.stem 
after  the  substrate  was  heated  to  670  *C  but  prior  to  the 
introduction  of  the  sputtering  gas.  The  predominant  resid¬ 
ual  gases  were  found  to  be  water  vapor,  nitrogen,  argon, 
and  hydrocarbons,  in  that  order.  To  assess  the  effect  of 
these  ga.ses  on  T,,  we  performed  successive  growth  exper¬ 
iments  in  which  —  10  mTorr  of  water  vapor,  nitrogen,  or 
methane  was  added  to  the  sputtering  gases.  In  the  case  of 
nitrogen  and  methane  no  significant  effect,  cither  positive 
or  negative,  was  observed.  However  with  water  vapor  this 
was  not  the  case.  As  previously  discussed,  we  have  found 
that  as  sputtering  time  of  a  target  increased,  film  quality 
gradually  deteriorated.  For  example,  films  that  were  .sput¬ 
tered  from  a  target  that  had  been  used  for  over  100  h  had 
T/s  of  only  ~85  K.  It  was  found  that  when  10  mTorr  of 
water  vapor  was  added  to  the  sputtering  gas,  T/s  of  ~90 
K  were  again  obtained  reproducibly.  Similar  high  7'/s 
were  obtained  when  water  vapor  was  added  when  sputter¬ 
ing  from  a  new  tetragonal  nonsuperconducting  target.  As 
also  previously  described,  without  water  vapor  the  super¬ 
conducting  properties  from  this  type  of  target  were  invari¬ 
ably  depressed. 

It  was  also  found  that  the  addition  of  water  vapor 
allowed  the  deposition  of  high-T,  film  over  a  larger  surface 
area  than  previously  could  be  done.  This  was  particularly 
noticeable  when  using  the  parallel  target-substrate  config¬ 
uration.  Finally,  it  was  found  that  with  the  addition  of 
water  vapor,  high-T,  films  could  be  deposited  at  a  signifi¬ 
cantly  lower  temperature  than  previously  possible.  With¬ 
out  the  addition  of  water  vapor,  the  minimum  temperature 
for  sputtering  high-quality  YBCO  films  was  '~-610'C.  At 
lower  temperatures  the  critical  temperature  degraded  and 
below  600  *C  films  were  usually  not  even  superconducting. 
By  adding  water  vapor,  T/s  as  high  as  87  K  could  be 
obtained  in  c-axis  films  that  were  deposited  at  590  *C  on 
MgO  substrates.  Films  deposited  on  LaAIOj  at  this  tem¬ 
perature  showed  over  90%  a-axis  growth  and  had  maxi¬ 
mum  r/s  of  85  K.  Experiments  were  done  in  which  as 
much  as  1 50  mTorr  of  water  vapor  was  added  to  the  sput¬ 
tering  gas.  The  T^'s  of  these  films  were  still  ~90  K. 

Another  benefit  from  the  use  of  water  vapor  was  de¬ 
creasing  the  importance  of  having  a  uniform  temperature 
over  an  entire  substrate  area  in  order  to  obtain  films  with 
uniform  properties.  The  diminution  of  this  requirement 
eliminated  the  need  to  bond  the  substrates  to  the  heater 
with  silver  paste  which  had  been  done  to  obtain  good  tem¬ 
perature  uniformity,  particularly  when  large-area  sub¬ 
strates  were  used.  Experiments  were  performed  using  the 
off-axis  target-substrate  configuration  in  which  the  sub- 
.stratc  holder,  as  shown  in  Fig.  1,  was  inverted.  The  dis¬ 
tance  and  the  angle  between  the  target  and  substrates  were 
kept  the  same.  Using  this  arrangement  the  substrates  were 
simply  piisitioned  on  the  holder  without  any  bonding  or 
clamping.  Under  these  conditions,  when  15  mTorr  of  water 
vapor  was  added  to  the  sputtering  gas,  up  to  2-in.-diam 
films  were  reproducibly  deposited  that  had  7"/s  of  >  90  K 
over  their  entire  surface  area.  Because  bonding  the  sub- 
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,,11.110  lo  ltic‘  lic;iicr  wa.s  nol  a  ncccwsiiy,  ii  wa.s  al.so  p«s.siblc 
(,i  iic|i<)sit  ')()-K  films  on  botli  sides  of  a  single  substrate, 
\l(iie  detailed  accounts  of  these  large-area  and  two-sidetl 
joi’osition  c.spcriments  will  be  published  elsewhere.'* 

H.  Sputtering  voltage  and  current 

.As  was  ilcscnbeil  in  the  section  dealing  with  targets  an 
.ipp.iicnl  correlation  was  observed  between  the  higher 
vpiiliering  voltages  that  were  obtained  when  using  a  new 
cn.e.ct  and  the  high  critical  temperatures  obtained.  We 
have  louiul  that  adiling  water  vapor  to  the  sputtering  gas 
priulnccrl  an  increase  in  the  sputtering  voltage.  When  using 
a  wcIl-criKlcil  target  the  voltage  would  return  to  values 
siimlar  to  those  observed  wlien  the  target  was  new.  The 
improved  7,  s  of  the  film  deposited  under  these  conditions 
lent  creilence  to  a  correlation  between  high  sputtering  volt¬ 
ages  and  high  '/',‘s.  This  was  investigated  further  by  study¬ 
ing  the  elfect  of  another  gas,  NiO,  which  similar  to  water 
vapor  also  produced  a  higher  sputtering  voltage.  In  these 
e.speriments,  however,  the  dcpo.sited  films  showed  no  im¬ 
provement  in  superconducting  properties.  This  result  thus 
refutes  any  simple  correlation  between  sputtering  voltage 
and 

With  respect  to  sputtering  current,  no  observable  effect 
on  film  quality  was  found  within  the  narrow  range  of  val¬ 
ues  studied,  i.e.,  between  0.2  and  I  A.  Occasionally  at  the 
higher  currents  used,  the  plasma  would  become  unstable 
and  all  of  the  power  would  become  concentrated  at  one 
point  on  the  target  surface.  This  tended  to  happen  more 
often  when  using  dc  power  and  when  water  vapor  was 
added  to  the  sputtering  ga.s.  Films  sputtered  during  such 
periods  of  instability  would  invariably  be  very  copper  rich. 
Interestingly,  even  in  these  cases  the  T^'s  of  the  films  would 
remain  high. 

I.  Defects  in  sputtered  YBCO  films 

Using  transmission  electron  microscopy  we  have  ana¬ 
lyzed  in  detail  the  chemical  and  .structural  properties  of 
some  representative  films  deposited  on  the  various  sub- 
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straies  (not  including  .s;ipplme)  lo  iry  to  identify  the  major 
defects  in  these  films.  In  all  eases,  regardless  of  substrate 
material  or  film  orietiialioii.  dislocations  and/or  twinning 
at  the  interface  due  to  mismatch  between  the  YBCO  and 
the  substrate  were  observed.  These  defects  are  intrinsic  to 
the  epitaxial  growth  process.  An  example  is  shown  in  Fig. 
7.  Con.sidering  films  that  had  c-a.\is  epitaxy,  the  second 
most  common  defects  found  were  sccond-pha.se  particles, 
cither  Cu-O  or  the  2;1;1  phase.  As  would  be  expected,  very 
heavy  concentrations  of  such  second-phase  particles  were 
found  in  films  that,  from  EDS.  did  not  have  the  1:2:3  com¬ 
position.  Most  commonly,  however,  their  amount  wa.s  suf¬ 
ficiently  low  that  llicir  presence  could  nol  be  delected  by 
the  EDS  analy.ses.  A  TEM  photograph  of  these  defects  is 
shown  in  Fig.  8.  Although  many  films  have  been  grown 
which  are  essentially  particle  free  (Fig.  9).  wc  still  occa¬ 
sionally  observe  second-phase  particles  in  films  that  were 
deposited  under  what  were  believed  to  Ik*  optimum  condi¬ 
tions.  Wc  have  some  evidence  that  indicates  that  the  Cu-O 
panicles  nucleate  on  strueiur;il  or  chemical  imperfections 
on  the  substrate  surface.  Figure  10  shows  a  photomicro¬ 
graph  of  Cu-O  panicles  on  a  IjA10>  suhstraic.  As  can  be 
noted  some  arc  in  a  straight  line,  implying  that  they  may 
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FIG.  10.  Opiicul  phuKunicrograph  of  an  VHCO  film  showing  a  rclalivcl> 
dense  conccniralinii  nf  Cu-O  particles  that  arc  sometimes  obtained  on  our 
sputtered  films.  Some  of  the  particles  are  on  a  straight  line  implying  that 
they  may  have  nucleated  from  scratches  on  the  substrate  surface. 

have  originated  on  scratches  on  the  substrate  surface.  We 
have  also  observed  from  TEM  cro.ss  sections  that  such 
particles  can  also  nucleate  well  above  the  substrate  surface. 
The  sputtering  target  itself  apparently  can  be  a  source  of 
particles  since  their  concentration  is  invariably  greater 
when  a  new  target  is  installed  in  the  system. 

We  have  observed  very  large  concentrations  of  Cu-O 
particles  in  cases  where  there  were  intermittent  plasma  in¬ 
stabilities  during  film  deposition.  This  was  found  to  occur 
most  often  when  using  dc  sputtering  and  when  water  vapor 
was  added  to  the  sputtering  gas.  In  the  absence  of  this  type 
of  plasma  instability  the  addition  of  water  vapor  had  no 
effect  on  second-phase  particle  density. 

Another  structural  defect  that  has  been  found,  in  what 
are  desired  to  be  pure  c-axis  films,  is  a-axis  growth.  In  films 
deposited  on  LaAIO;i  substrates  increasingly  larger 
amounts  of  a-axis  growth  are  obtained  when  the  deposition 
temperature  is  lowered  below  670  ’C.  However,  even  above 
670  *C,  a-axis  YBCO  is  found  in  films  thicker  than  —400 
nm. 

A  particular  defect  associated  with  a-axis  films  is  a 
"checkerboard”  type  of  structure  in  which  there  are  two 
sets  of  a-axis  domains  that  are  oriented  at  a  90*  angle  with 
respect  to  each  other.  Another  defect  structure  specifically 
associated  with  films  grown  on  ( 1 10)  SrTiOy  is  shown  in 
Fig.  1 1.  The  T/s  of  these  films  are  similar  to  c-axis  films, 
however,  the  y/s  arc  significantly  less.  The  currents  densi¬ 
ties  are  also  anisotropic  as  shown  in  Fig.  6.  * 

IV.  SUMMARY  AND  CONCLUSIONS 

We  have  accumulated  extensive  data  which  indicate 
that  it  is  not  a  critical  requirernem  for  sputtering  high- 
quality  YBCO  (Tf  >  90  K  aiidy^  >  lO*  A/cm^at  77  K)  to 
have  an  tiverall  1:2:3  cation  composition.  We  have  many 
e.samples  of  multiphase  films  that  are  yttrium  and/or  cop¬ 
per  rich  but  which  still  contain  the  YBCO  orthorhombic 
pha.se  with  such  properties.  It  is  only  when  the  amount  of 
the  second  pha.ses  becomes  a  significant  volume  fraction  of 


FIG.  1 1.  TE.M  pfaoioniicrograph  of  an  YBCO  film  on  ( 1 10)  SrTiO,.  The 
film  cunsiMv  of  ~200xSOO.nm-  faceted  domains,  with  ( 103 )/( 103)  on 
enlalion.  It  is  not  certain  whether  the  voids  between  the  domains  are 
intrinsic  or  a  result  of  the  TEM  specimen  preparation  The  subsiraie 
directions  are  indicated  by  the  arrows  on  the  picture. 


the  film  that  there  is  any  deterioration  in  superconductiv. 
ity.  A  corollary  to  this  is  that  single-phase  c-axis  films  that 
have  1:2J  cation  stoichiometry  can  have  greatly  depressed 
superconducting  properties.  We  also  have  many  examples 
of  this  type  of  film.  In  essence,  our  data  show  that  regard¬ 
less  whether  the  Y,  Ba,  and  Cu  atoms  are  present  in  the 
exact  proportion  at  the  substrate  surface,  the  high-F^ 
YBCO  phase  will  form  if  other  conditions  are  correct. 

We  have  performed  experiments  that  indicate  that  the 
high-Ff  orthorhombic  YBCO  phase  is  sufficiently  unsuble 
that  even  a  relatively  low-energy  particle  bombardment  of 
the  substrate,  insufficient  to  affect  cation  stoichiometry, 
can  still  prevent  its  fonaation.  We  believe  that  the  bom¬ 
bardment  of  the  substrates  in  such  a  case  causes  the  back- 
sputtering  of  a  reactive  species  which  is  critical  for  the 
formatioa  of  tbe  YBCX>  phase.  Since  the  cation  stoichiom¬ 
etry  of  the  films  in  these  experiments  was  correct  and  mo¬ 
lecular  oxygen  was  already  present  in  the  sputtering  gas, 
this  species  could  only  be  activated  oxygen.  Evidence 
showing  that  this  active  oxygen  originates  from  the  target 
was  provided  by  the  results  from  different  types  of  sputter¬ 
ing  targets.  Films  with  the  same  cation  composition  were 
deposited  from  an  orthorhombic  superconducting  target 
and  from  an  nonsuperconducting  tetragonal  target.  How¬ 
ever,  the  F/s  of  the  films  from  the  latter  target  were  mark¬ 
edly  lower.  These  data  strongly  i.  dicate  that  molecular 
oxygen,  which  was  present  in  large  quantity  in  both  of 
these  growth  experiments,  was  not  sufficiently  reactive  to 
form  the  highest-F,  YBCO  phase.  We  believe  that  this 
phase  was  grown  only  when  activated  oxygen  apparently 
present  in  greater  quantity  in  the  orthorhombic  target  was 
available  to  participate  in  the  reaction.  In  its  absence  a 
lower-energy  Y-Ba-Cu-O  structure  was  formed  that  is  both 
composiiionally  and  structurally  similar  to  the  orthorhom¬ 
bic  YBCO  phase  but  which  has  degraded  superconducim? 
properties. 

The  credibility  of  thisconclus  jn  is  reinforced  from  the 
data  on  films  detiosited  from  a  new  superconducting  targci 
that  was  sputtered  many  hours  in  pure  argon  to  piirposci> 
det;rade  its  surface.  Significantly,  the  very  first  films  depos¬ 
ited  in  pure  argon  were  found  to  have  close  to  optimum 
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piopcrlics  despite  the  absence  of  molecular  oxygen  in  the 
sputtering  gas.  However  after  many  hours  of  sputtering  ilie 
nlins  were  not  superconducting.  Sputtering  in  pure  argon, 
we  believe,  reduced  the  amount  of  the  active  oxygen  in  the 
target.  Using  tins  degraded  target,  a  epitaxial  c-axis  striic- 
tiire  was  subsequently  preparetl  by  sputtering  in  pure  oxy- 
iieii  T  his  structure,  however,  was  not  superconducting  and 
had  a  lattice  parantetcr  much  lower  than  that  found  in  the 
;...nerconducting  orthorhombic  YBCO  phase.  After  further 
sputtering  in  oxygen  the  films  from  this  degraded  target 
eradually  improved  until  finally  reaching  maximum  /"/s  of 
—  85  K.  Significantly,  this  is  approximately  the  same 
slightly  degraded  that  is  obtained  after  many  hours  of 
sputtering  from  a  new  orthorhombic  target  under  optimum 
conditions.  From  these  experiments  we  conclude  that  the 
main  function  of  the  molecular  oxygen  in  the  sputtering 
process  is  to  oxidize  the  sputtering  target,  thus  providing  a 
continual  source  of  active  oxygen  necessary  for  the  forma¬ 
tion  of  superconducting  YBCO.  This  reoxidation  process, 
however,  is  apparently  not  adequate  to  completely  replen¬ 
ish  the  active  oxygen  that  is  present  in  a  newly  fabricated 
target. 

The  conclusion  that  molecular  oxygen  does  not  di¬ 
rectly  participate  in  the  growth  of  the  high-T,  orthorhom¬ 
bic  phase  and  that  a  stronger  oxidizing  agent  must  be 
present  in  order  for  this  phase  to  form  is  contrary  to  cur¬ 
rent  understanding  of  the  YBCO  film  growth  process.  It 
has  been  known  for  some  time  that  the  addition  of  some 
form  of  active  oxygen  was  required  in  order  to  deposit 
YBCO  films  with  optimum  properties  when  using 
evaporation. However  the  need  to  do  this  b  generally 
ascribed  to  the  inability  of  introducing  high  enough  pres¬ 
sures  of  molecular  oxygen  during  the  evaporation  process. 
Our  data  imply  that  molecular  oxygen  b  an  inadequate 
oxidizing  agent  for  the  formation  of  YBCO  (at  the  tem¬ 
peratures  discussed  in  this  report)  regardless  of  its  pres¬ 
sure.  If  this  conclusion  is  indeed  correct,  it  will  require  the 
reevaluation  of  any  data  showing  correlations  between 
orthorhombic  phase  formation  and  the  partial  pressure  of 
molecular  oxygen.'^  This  would  be  particularly  true  for 
growth  experiments  in  which  the  amount  of  water  vapor 
present  was  either  unknown  or  unspecified.  The  improved 
film  quality  obtained  when  water  vapor  was  added  to  the 
sputtering  gas  provides  evidence  that  water  is  a  better  ox¬ 
idizing  agent  than  molecular  oxygen  and  is  sufficiently  re¬ 
active  to  permit  the  formation  of  the  highest-T,  YBCO 
phase.  Whether  the  water  vapor  contributes  direc'tly  to  the 
growth  of  YBCO  by  reacting  with  the  deposited  film  or 
indirectly  by  reoxidizing  the  sputtering  target  more  effec¬ 
tively  than  molecular  oxygen  is  not  known  at  this  time. 

We  now  have  a  sufficient  understanding  of  the  YBCO 
single-target  sputtering  process  to  permit  the  reproducible 
deposition  of  epitaxial  single<rystal  films  of  controlled  ori¬ 
entations  which  have  excellent  superconducting  properties. 
There  is,  however,  one  important  problem  that  remains. 
We  still  on  occasion  observe  second-phase  Cu-O  particles 
in  films  which  are  grown  under  what  are  believed  to  be 
optimum  conditions.  We  have  data  that  indicate  that  these 
particles  can  nucleate  from  contamination  or  as  a  result  of 
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pl.i.sitia  insiabilitie.s.  Such  iiisiabilities  were  found  to  more 
likely  occur  when  water  vapor  was  added  to  the  sputtering 
c.ts  and  when  using  dc  power.  Films  deposited  under  these 
conditions  in  some  cases  had  very  heavy  concentrations  of 
Cu-O  particles.  In  the  absence  of  plasma  instabilities  the 
aildilion  of  water  vapor  had  no  direct  influence  on  the 
.inuninl  of  second-phase  particles. 

We  believe  that  the  m.ijoriiy  of  second-phase  particles, 
when  present  in  the  relatively  low  concentrations  usually 
found  in  our  films  occur  primarily  due  to  contamination 
cither  from  the  substrates,  from  the  hardware  in  tl.e  im¬ 
mediate  deposition  area,  or  from  the  sputtering  target.  It 
has  already  been  demonstrated  that  in  certain  microwave 
applications  the  use  of  films  having  the  relatively  small 
concentrations  of  particles  di.scu.s.sed  here,  cause  no  delete¬ 
rious  effects.  The  use  of  such  films  to  construct  Josephson 
junctions,  however,  could  produce  problems.  Further  work 
toward  totally  eliminating  this  type  of  defect  is  thus  war¬ 
ranted. 
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1.  INTRODUCTION 


This  document  is  a  1990  suppiement  to  the  Bibliography  of  High-T^  Superconductivity 
published  in  two  parts  in  the  Journal  of  Superconductivity:  Vol.  2(1).  1-210  (1989)  and  Vol. 
3(1),  1-153  (1990).  Together  with  the  previous  reference  lists  covering  1987-88  and  1989, 
respectively,  the  Bibliography  of  High-Tc  Superconductivity  spans  the  entire  (brief)  history  of  HTS. 

The  bibliography  is  becoming  more  narrowly  focussed  on  applied  superconductivity 
with  each  annual  update.  Fundamental  research  papers  are  included  when  they  either  have  a 
direct  relationship  to  applications  or  when  they  appear  to  be  representative  of  a  body  of  work. 
The  number  of  papers  added  to  the  bibliography  decreased  from  4610  in  1987-88  to  2578  in  1989 
and  1302  in  1990,  although  the  total  number  of  papers  published  in  high-Tc  superconductivity  has 
remained  fairly  constant  throughout  this  period. 

Section  2  of  this  document  lists  the  two-letter  keywords  available  for  assignment  to 
each  reference.  Section  3  is  an  index  based  on  these  keywords.  The  index  identifies  the  first 
author’s  last  name  and  a  paper  number  corresponding  to  the  complete  source  information  listed  in 
Section  5.  The  index  in  Section  4  is  based  on  the  chemical  elements.  The  source  information  in 
Section  5  is  ordered  alphabetically  by  the  first  author’s  last  name.  The  references  include 
preprints  and  papers  published  during  1990.  The  first  keyword  assigned  to  each  reference 
indicates  the  month  in  which  it  was  entered  into  the  database  (e.g.  .05.  for  May,  1990). 

The  entire  database  containing  source  information  for  all  8500  references  and  search 
software  for  IBM  compatible  or  Macintosh  computers  can  be  downloaded  from  Ames  Laboratory 
at  Iowa  State  University.  Instructions  are  contained  in  the  March  1.  1990  issue  of  High-Tc 
Update  (Voi.  5,  No.  5). 

I  wish  to  acknowledge  the  efforts  of  Mrs.  M.  B.  Cross  who  has  maintained  the  file 
cabinet  of  papers  and  the  reference  list.  This  work  was  supported  in  part  by  AFOSR  Contract 
No.  F49620-88-C-0039. 
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For  //|c-axis,  the  magnetic  field  induced  broadening  of  the  resistive  transitions  of  high- superconductors  ( HTS )  is  shown  to 
depend  strongly  on  the  Cu-O  layer  spacing.  For  the  highly  anisotropic  HTS,  we  show  experimental  evidence  that  flux  motion 
results  from  a  thermally  activated  crossover  from  three  dimensional  ( 3D)  vortex  lines  to  2D  independent  pancake-tike  vortices 
in  the  Cu-O  layers,  which  is  intrinsic  to  the  material  and  occurs  when  k^T  exceeds  the  Josephson  coupling  energy  of  these  layers. 
At  low  temperatures,  however,  thermally  activated  conventional  depinning  (which  can  be  sample  dependent)  or  melting  in  the 
uncoupled  2D  Cu-O  layers  is  also  required  for  flux  motion.  For  YBa2Cu}OT,  this  dimensional  crossover  does  not  occur  below 
H,2.  presumably  because  the  conducting  Cu-O  chains  short-circuit  the  Josephson  interlayer  coupling,  leading  to  better  supercon¬ 
ducting  properties  in  a  magnetic  field.  These  results  show  that  strong  interlayer  coupling  is  a  key  to  finding  good  alternatives. 


High-temperature  superconductors  (HTS)  are 
known  to  exhibit  [1-3]  anomalous  magnetic  field 
induced  broadening  of  their  resistive  transitions, 
which  generally  increases  with  anisotropy  [4].  This 
effect  places  limitations  on  the  value  of  the  materials 
for  moderate  to  high-field  applications.  For  the  ap¬ 
plied  field.  H,  parallel  to  the  superconducting  Cu-O 
layers,  i.e.,  //Ic-axis,  the  broadening  is  not  as  large 
as  for  H  parallel  to  the  c-axis  (//||c),  and  because  of 
the  absence  of  a  Lprentz-force  dependence  [3]  to¬ 
gether  with  the  anticipated  intrinsic  pinning  of  the 
insulating  region  between  layers,  an  explanation  other 
than  flux  motion  has  been  proposed  [5].  For  //||c, 
the  lack  of  intrinsic  pinning  implies  that  the  much 
greater  broadening  is  due  to  thermally  activated  flux 


motion  [6-8].  This  broadening  is  characterized  be¬ 
low  by  an  /f*  ( T),  which  depends  on  the  voltage  cri¬ 
terion  of  the  measurement,  and  can  be  related  to  the 
magnetic  irreversibility  line,  which  is  similarly  de¬ 
pendent  on  the  measurement  time.  For  the  highly 
anisotropic  Bi-  and  Tl-based  HTS,  we  present  ex¬ 
perimental  evidence  that  the  flux  motion  associated 
with  this  broadening  occurs  as  a  result  of  a  dimen¬ 
sional  crossover  from  three  dimensional  (3D)  vor¬ 
tex  lines  to  2D  independent  pancake-like  vortices 
[9],  which  reside  in  well-coupled  adjacent  Cu-O  bi- 
or  tri-multilayers.  This  decoupling  of  vortices  ren¬ 
ders  the  sparse  pinning  sites  in  individual  Cu-O 
multilayers  much  less  effective.  However,  at  low  re¬ 
duced  temperatures,  t=T/Tc.  the  2D  vortex  lattice 
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is  sufficiently  stiff  that  these  pinning  sites  are  again 
effective  and  the  value  of  H*,  which  is  larger  than  the 
predicted  3D  to  2D  crossover,  can  be  described  by 
including  either  conventional  depinning  [6,10]  or 
melting  [11]  in  the  uncoupled  2D  Cu-O  layers.  At 
zero  temperature,  H*  necessarily  approaches  the  up¬ 
per-critical  field,  Hc2i0). 

Combining  this  low-temperature  behavior  with  in¬ 
terlayer  vortex  coupling  by  the  Josephson  tunneling 
model,  the  H*{t)  data  are  fit  convincingly,  with  pa¬ 
rameters  which  are  in  substantial  agreement  with 
available  measurements  or  reasonable  expectations, 
for  the  highly  anisotropic  Tl2Ba2CaCu20;t  (T1-22I2), 
TlBajCaCuzO.,  (Tl-1212),  TlBa2Ca2Cu30;,  (Tl- 
1223),  Bi2Sr2CaCu20;r  (Bi-2212)  materials.  These 
data  are  shown  to  depend  only  on  the  insulator  width 
between  Cu-O  multilayers,  dj.  The  fitted  values  of 
the  c-axis  resistivities,  Pc,  depend  approximately  ex¬ 
ponentially  on  di,  with  a  reasonable  tunneling  barrier 
height,  to  further  substantiate  use  oi  a  Josephson 
tunneling  model.  For  the  significantly  less  aniso¬ 
tropic  YBa2Cu307  (Y-1237),  this  model  predicts  that 
3D  to  2D  decoupling  will  not  occur  for  H<Hci(T) 
because  of  the  much  better  interlayer  coupling,  i.e., 
smaller  p^,  and  we  cannot  fit  /f*  with  reasonable 
parameters. 

A  number  of  different  samples  were  prepared  for 
the  work  reported  here.  Films  of  Y-1237,  grown  in- 
situ  by  DC  magnetron  sputtering  from  a  stoichio¬ 
metric  target  onto  rotating  (100)  LaAl03  substrates, 
were  shown  by  transmission  electron  microscopy  to 
be  epitaxial  and  c-axis  oriented,  exhibiting  zero  re¬ 
sistance  in  zero  field  at  7^=  89  K.  Polycrystalline  Tl- 
1212  and  T1-I223  films,  prepared  on  (100)  YSZ 
substrates  by  a  MOCVD  technique  [12],  exhibited 
TjOf  72  and  104  K  and  contained  5-10%  ofTl-2212 
and  Tl-1212  impurity  phases,  respectively.  Poly¬ 
crystalline  Tl-22 12  films,  prepared  [13]  on  (100) 
MgO  by  DC  magnetron  sputtering  from  a  three-gun 
source  followed  by  post-annealing,  exhibited  from 
too  to  104  K.  Additional  films  of  Tl-22 12,  prepared 
by  laser  ablation  onto  (100)  SrTi03  substrates  fol¬ 
lowed  by  a  postanneal,  exhibited  of  100  K  and 
were  confirmed  by  electron  channeling  to  be  epitax¬ 
ial.  All  films  were  found  to  be  highly  c-axis  oriented 
by  X-ray  diffraction.  Single  crystals  of  Bi-2212  were 
grown  using  a  flux  method  with  7'c=80  K. 

The  thermally  activated  flux  motion  was  charac¬ 


terized  experimentally  by  the  resistive  transitions, 
p{T.  H),  which  were  uniformly  measured  at  a  cur¬ 
rent  density  of  ~  10  A/cm%  such  that  p{T,  H*)/ 
/)„=  10~^  where  p„  is  the  extrapolated  normal-state 
resistivity  at  (e.g.,  see  fig.  4  of  ref.  [5] ).  Higher 
current  densities  lead  to  larger  values  of  H*.  These 
H*  are  plotted  in  fig.  1  against  1  —  t  for  many  samples 
of  five  HTS  materials,  including  literature  [1,2,14] 
values.  For  the  Bi-  and  Tl-systems,  the  data  on  the 
magnetically  measured  irreversibility  line  are  inad¬ 
equate  to  compare  to  H*,  and  our  thermally  acti¬ 
vated  model  implies  that  agreement  between  these 
would  depend  on  having  equivalent  sensitivities  for 
internal  electric  fields  in  each  measurement.  Mag¬ 
netic  measurements  of  irreversibility  often  have  a 
considerably  greater  sensitivity  and  thus  obtain  a 
smaller  H*.  The  equivalence  [15,16]  of  these  is 
demonstrated  explicitly  for  Y-1237  in  fig.  1,  al¬ 
though  the  good  agreement  could  be  due  to  the  ex¬ 
istence  of  a  vortex-glass  phase  transition  [  7  ] ,  rather 
than  equal  sensitivities. 

Figure  1  also  shows  that  H*  is  fairly  independent 
of  sample  quality  (e.g.,  epitaxial  or  polycrystalline 
film,  single  crystals,  minor  amounts  of  second-phase 


1  -t 


Fig.  I.  The  resistive  broadenings  for  various  HTS  are  character¬ 
ized  by  the  measured  PoH*  vs.  I  - 1.  The  four  distinct  groups  dif- 
fa  by  their  layer  spacings,  di.  YBa2Cuj07  single  crystals:  ref.  [16] 
(solid  circles);  ref.  [141  (pluses);  ref.  [2]  (crosses);  YBajCojO, 
epitaxial  film  (squares  with  plus).  TIBa2CaCu20,  MOCVD  film 
(circles  with  plus);  T1Ba2Ca2Cu30,  MOCVD  films  (solid  and 
open  diamonds).  Tl2Ba2CaCu20,  epitaxial  film  (open  circles); 
n2Ba2CaCu20^  sputtered  films  (open  squares).  Bi2Sr2CaCu20, 
single  crystals:  ref.  [1]  (solid  triangles);  (open  triangles). 
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material,  etc.),  at  least  with  our  uniform  criteria. 
Note  however  that  the  current  density  for  the  Bi-22 1 2 
crystal  of  ref.  [  1  ]  was  not  reported.  For  Tl-22 1 2,  the 
data  for  two  polycrystalline  and  one  epitaxial  film 
coincide  quite  well,  even  though  the  measured  of 
the  epitaxial  films  is  ~  10  times  larger  for  all  H  and 
T.  Deviations  of  the  low-field  data  for  Tl-1212  and 
Tl-1223  are  likely  an  artifact  due  to  minor  impurity 
phases  which  nonetheless  caused  double  transitions 
in  that  field  range.  Note  that  the  shape  of  p{T.  H) 
can  vary  from  sample  to  sample  perhaps  due  to  the 
differences  in  their  morphology.  For  example,  the  re- 
sistively  determined  H*  for  Y-1237  shown  in  fig.  1 
bunch  together,  even  though  the  single-crystal  data 
exhibited  a  kink  near  the  foot  of  the  transition  [  2, 1 5  ] 
which  is  not  found  in  our  epitaxial  films. 

Literature  values  [17]  of  the  c-axis  distances  of 
the  internal  structure  of  the  five  compounds  studied 
here  are  presented  in  table  1.  The  interlayer  (insu¬ 
lator)  spacing  between  Cu-O  bi-  or  tri-layers  is  d, 
and  the  overall  repeat  distance  of  the  Cu-O  multi¬ 
layers  is  s.  It  is  clear  that  the  four  distinct  groups  in 
fig.  1  can  be  identified  by  the  common  di  values  for 
the  members  of  each  group.  Thus,  the  magnitude  of 
the  resistive  broadening  is  shown  to  depend  on  the 
distance  between  adjacent  Cu-O  multilayers  rather 
than  the  repeat  distance,  s,  or  the  number,  or  thick¬ 
ness,  d„  of  closely  coupled  Cu-O  planes  in  the  mul¬ 
tilayer  (see  e.g.,  the  Tl-1212  and  Tl-1223  data).  In 
support  of  this,  assume  that  H*  increases  with  s:  then 
table  1  would  imply  a  larger  H*  for  Tl-1223  relative 
to  Tl-2212,  but  the  data  indicate  the  opposite.  Note 
also  that  for  polycrystalline  Tl2Ba2Ca2Cu30,»  (for 
which  di=ll .55  A)  the  H*  data  [18]  agree  with  our 
Tl-2212  and  for  r<0.5  but  fall  significantly  below  it 
as  T  increases  towards  T^.  This  smaller  H*  is  likely 


due  to  weak-linked  intergranular  coupling  and  un¬ 
derscores  another  imponani  observation  of  this  work: 
the  H*  of  weak-linked  samples  can  fall  below  the  in¬ 
trinsic  value,  but  no  amount  of  perfection  can  result 
in  significantly  larger  H*  ( unless  greater  and/or  more 
effective  pinning  can  be  introduced  in  virtually  every 
Cu-O  multilayer,  which  may  deteriorate  fi). 

We  now  present  a  model  for  understanding  these 
data.  An  important  step  was  the  recognition  that  weak 
coupling  between  superconducting  Cu-O  layers,  im¬ 
plied  by  a  high  degree  of  anisotropy,  allows  for  ther¬ 
mally  activated  decoupling  of  the  magnetic  field  in¬ 
duced  pancake-like  [9]  vortices  in  adjacent  Cu-O 
layers,  for  H\\c.  The  resulting  independent  motion  of 
vortices  in  adjacent  layers,  i.e..  two-dimensional 
(2D)  behavior,  greatly  reduces  the  effectiveness  of 
pinning  (e.g.,  by  point  defects  in  the  Cu-O  layers), 
when  compared  to  extended,  3D  vortex  lines.  How¬ 
ever,  even  in  the  2D  regime,  any  finite  pinning 
strength  in  the  individual  Cu-O  multilayers  can  be¬ 
come  effective  at  sufficiently  low  temperatures, 
thereby  increasing  H*  above  the  dimensional  cross¬ 
over  value.  Since  the  experimental  data  indicate  a 
weak  dependence  of  H*  on  sample  quality  even  at 
low  temperatures  (for  fields  up  to  ^  10  T),  the  most 
likely  low-temperature  processes,  which  will  be  con¬ 
sidered  below,  are  intrinsic  flux-lattice  melting  or  de- 
pinning  from  universal  pinning  sites,  such  as  oxygen 
vacancies  in  the  Cu-O  layers.  In  the  latter  case,  we 
envision  enough  elasticity  in  the  flux  lattice  that  in¬ 
dividual  vortices  can  be  thermally  depinned  after 
which  another  vortex  falls  into  the  vacant  potential 
well.  Our  uncertainty  about  the  low-temperature 
mechanism,  means  we  cannot  rule  out  that  im¬ 
proved  pinning  may  increase  fl*  at  low  temperatures. 

The  dimensional  crossover  occurs  when  the  cou- 


Table  I 

Parameters  for  the  highly  anisotropic  HTS.  Structural  data  come  from  the  literature  and  is  measured  directly.  The  fits  provide  Wc:(0) 
Pcandai?c(0)^  while  the  rest  are  derived  from  formulas  assuming  a  =  1 


Sample 

5 

(A) 

(A) 

d. 

(A) 

Tc 

(K) 

PoHc2  (  0  ) 
(T) 

A 

(Qcm) 

aB,:(0yilpo 

(i/cm’) 

Sc(0) 

(T) 

K 

(T) 

4/.(0) 

(A) 

/./.(O) 

(A) 

Tl-1212 

12.75 

9.57 

3.18 

72 

80 

1.8 

0.11 

0.53 

no 

mm 

2100 

T1-1223A 

15.87 

9.59 

6.28 

104 

1 10 

2 

0.13 

0.56 

140 

0.0141 

17 

2400 

Tl-2212 

14.7 

11.55 

3.15 

100 

60 

8 

0.087 

0.47 

91 

0.0164 

23 

BESI 

Bi-22 12.A 

15.45 

12.29 

3.16 

80 

40 

34 

0.049 

0.35 

81 

0.0135 

28 

mSm 

Bi-22 12B 

15.45 

12.29 

3.16 

79 

40 

84 

0.047 

0.34 

82 

0.0130 

28 

HI 
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pling  energy  between  adjacent  Cu-O  multilayers, 
Ec(H,  T),  is  ~/cb7’.  Previously,  electromagnetic  cou¬ 
pling  of  vortices  was  considered  (9],  but  the  rele¬ 
vant  £c  was  found  [9]  to  be  too  small  to  explain  the 
relatively  narrow  resistive  transition  in  Y-1237,  and 
it  could  hardly  account  for  the  vast  differences  found 
in  Y-1237  and  the  highly  anisotropic  Bi-2212  and 
Tl-2212.  On  the  other  hand,  the  magnitude  of  the 
Josephsdn  coupling  energy,  £cj*  the  phase  of  the 
superconducting  order  parameter  [19],  exhibits  the 
right  range  of  values  in  the  highly  anisotropic  HTS 
because  Pc  is  so  large.  For  Josephson  tunneling 
through  an  insulating  barrier  in  zero  magnetic  field. 


F 

£»ci  “• 


nftd(T) 


le^Rs 


(1) 


where  /q  is  the  Josephson  critical  current,  is  the 
normal-state  resistance  of  the  junction  and  d{T)  is 
the  temperature-dependent  energy  gap.  For  finite 
fields,  eq.  (1)  must  include  [20]  a  term  (1—6)  in 
Ecj,  where  b=H/Hc2,  to  account  for  the  spatial  av¬ 
erage  of  the  magnitude  of  the  order  parameter  over 
the  flux-line  lattice.  For  Josephson  coupling  of  a  vor¬ 
tex  to 'both  neighboring  Cu~0  layers,  £'c=2£cj,  and 
the  relevant  junction  area  is  that  of  one  vortex,  0o/ 
H,  so  that  Rt4=PcSpoff/0o-  Froni  standard  tunneling 
theory  [21]  and  experiment  [22],  /?n  or  pc  should 
be  proportional  to  exp(  -dj/dp),  where  </,  is  the  in¬ 
sulator  thickness  and  dp^filj%m0  accounts  for  the 
tunneling  barrier  height,  0.  Below  Tc  we  assume  /?n 
is  independent  of  T  and  H.  The  resulting  3D  to  2D 
dimensional  crossover  is  shown  as  the  thinner  solid 
line  in  fig.  2  for  reasonably  weak  coupling  with 
[Tdi0Q/e^PcSPoHc2iO)][d(O)/kBT^]=O.O5,  i.e.,  high 
anisotropy. 

Rux-lattice  melting  in  2D  occurs  when  kpT^E^, 
where  [11] 

where  A  is  of  order  one,  d^  is  the  superconducting 
Cu-O  bi-  or  tri-layer  thickness  ( ~3-6  A)  and  the 
shear  modulus  has  been  determined  by  Brandt  [23] 
to  be 

Cw=  ^6(1 -0.296)  (l-6)^  (3) 


Fig.  2.  These  curves  represent  characteristic  fields  for  the  ther¬ 
mally  activated  3D  to  2D  crossover  (solid),  flux  depinning 
(dashed)  and  the  combined  effect  of  both  (heavy  solid  line). 
The  temperature  dependence  of  //c2(r)///c2(0)  =  1  -f  is  also 
shown  (dot-dashed  line). 

where  is  the  thermodynamic  critical  field.  Alter¬ 
natively,  the  energy  associated  with  depinning  is 
given  by  that  fraction,  a,  of  the  loss  in  supercon¬ 
ducting  condensation  energy  of  a  vortex  line,  which 
is  compensated  by  a  particular  pinning  site  [10]: 

E^=aKilt,d,^(\-b)K  (4) 

For  both  Bdt)  and  //c2(0  we  assume  the  clean-limit 
temperature  dependence  of  1—/^,  which  has  some 
justification  from  measurements  [24]  in  Y-1237.  In 
that  case,  the  ratio  of  these  is  weakly  dependent  on 
6 and  t,  i.e.,  Ej,/E„=2na(  ]+t)/A{]  -0.296).  Thus 
both  terms  give  reasonable  fits  to  the  data  when 
combined  with  the  Josephson  tunneling  model  and 
it  is  not  possible  to  choose  between  them  based  on 
the  present  data  and  analysis.  An  example  of  the 
thermally  activated  depinning  crossover  is  also  shown 
in  fig.  2  as  a  dashed  line  for  a0pdiB^{QYl 
4/c:B7'c/toffc2(0)=0.5.  It  should  be  noted  that 
£p= k^T always  has  a  solution  with  b=H*/Hc2  =  0  at 
a  finite  T <  T^.  This  can  be  seen  from  eq.  (4 )  and  the 
same  is  true  for  £„.  However,  extending  these  so¬ 
lutions  into  the  3D  regime  at  low  fields  would  be  in¬ 
correct  since  it  would  not  describe  vortex  line  inter¬ 
actions,  whereas  the  distinction  between  2D  and  3D 
should  be  valid  even  at  the  lowest  temperatures.  For 
vortices  to  move  in  a  transport  measurement,  they 
must  be  free,  by  overcoming  both  energy  barriers,  so 
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we  solve  k^T=E^{H,  T),  as  shown  by 

the  heavy  solid  line  in  fig.  2  to  fit  to  H*. 

The  data  of  fig.  1  are  thus  fit  using  three  param¬ 
eters:  //c2,  Pq,  which  is  related  to  the  strength  of  Jo- 
sephson  coupling;  and  aBlIlpQ,  which  is  related  to 
the  pinning  strength  (or  a  similar  parameter  for  a 
melting  transition ).  Assuming  the  BCS  value  of  1 .76 
for  J(0)/cb7'c,  these  fits  are  shown  in  fig.  3  and  the 
resulting  parameters  are  given  in  table  1  together  with 
other  derived  ones.  The  values  o(  BdO)  assume  that 
a=  1,  »cis  given  by  poHc2iO)/yj2BciO),  and  //ci(0) 
is  gc(0)ln(K)/v/^y.  The  coherence  lengths  are  given 
by  46(O)=y0o/2jt/io//c2(O)  andA^*(0)=>c4*(0). 
An  important  further  prediction  of  coupling  by  Jo- 
sephson  tunneling  is  an  exponential  dependence  of 
Pc  on  di,  and  the  data  are  shown  in  fig.  4  for  the  TI- 
and  Bi-based  HTS  material.  While  these  data  do  not 
fall  on  one  straight  line,  we  anticipate  the  possibility 
of  different  tunneling  barrier  heights  or  tunneling  ef¬ 
fective  masses,  at  least  between  Bi-0  and  Tl-0  in¬ 
sulating  layers.  Nevertheless,  the  best  fit  gives  a  rea¬ 
sonable  value  of  ^0=  1  A  and  a  barrier  height  of  0.8 
eV,  assuming  a  free  electron  mass.  Values  of  do= 
1-1.6  A  are  typically  found  in  artificial  or  natural 
oxide  tunneling  barriers  [2 1 ,22  ] . 

The  derived  parameters  presented  in  table  1  should 
be  viewed  with  some  caution  because  of  our  arbi¬ 
trary,  but  uniform,  criterion  for//*,  uncertainty  over 
the  proper  low-temperature  model  of  flux  dynamics 
and  our  untested,  but  reasonable,  clean-limit  as¬ 
sumption  that  B^U)  and  are  proportional  to 


Fig.  3.  The  ..olid  lines  are  Tits  of  the  H*  data  for  the  highly  aniso¬ 
tropic  HTS  to  the  model  described  in  the  text.  From  top:  Tl- 
Ba2CaCu20,;  TIBa2Ca2Cu30j,;  several  films  of  Tl2Ba2CaCu20,; 
and  two  Bi2Sr2CaCu20^  single  crystals. 


Fig.  4.  The  c-axis  resistivity  obtained  from  the  fits  of  fig.  3  plot¬ 
ted  against  dj  to  demonstrate  the  approximate  exponential  de¬ 
pendence  expected  for  Josephson  tunneling  between  Cu-O  layers. 

1  — In  addition,  in  some  cases  the  data  do  not  span 
a  sufficient  field  range  to  tie  down  the  parameters  of 
the  fits  precisely.  Nonetheless,  the  parameters  are 
reasonable.  In  particular,  the  penetration  lengths 
^a6(0),  and  .ffc(O)  are  close  to  expectations  based  on 
measured  values  for  YBa2Cuj07  of  [24]  140  nm  and 
[25]  ~0.8  T,  respectively.  For  Bi-2212,  recent  muon 
spin-resonance  experiments  [26]  have  concluded 
that  /ii)Hc2(0)=44  T,  100  and  Aai,~250  nm,  in 
good  agreement  with  table  1 . 

A  further  prediction  of  this  model  is  that  dimen¬ 
sional  crossover,  is  independent  of  the  pinning 
strength,  whereas  the  low-temperature  //*  and,  par¬ 
ticularly  J„  can  be  enhanced  by  improved  flux  pin¬ 
ning;  evidence  for  this  is  found  in  the  Tl-22 1 2  films 
reported  above,  proton-irradiated  Y-1237  crystals 
[16],  an  alpha-irradiated  Bi-2212  single  crystal  [4] 
and  neutron  irradiated  Tl-2223  polycrystals  [27]. 
These  studies  report  small  changes  at  low  tempera¬ 
tures  in  the  “irreversibility  line”  or  resistive  tail,  but 
large  differences  in  /c- 

The  data  for  Y-1237  could  not  be  fit  to  the  model 
with  a  reasonable  value  of  p^^:  a  possible  explanation 
is  that  the  electrically  conducting  [28]  Cu-O  chains 
short-circuit  the  tunneling  between  adjacent  Cu-O 
bilayers  in  Y- 1 237,  yielding  a  much  lower  anisotropy 
and  Pc.  Thus  for  the  smaller  experimental  Pc  for  Y- 
1237,  the  model  does  not  predict  a  dimensional 
crossover  below  Hd  T)  and  our  model  does  not  treat 
the  dynamics  of  3D  vortex  lines.  Information  based 
largely  on  the  current-voltage  characteristics,  I(V)y 
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tends  to  support  [  29  ]  a  picture  of  a  vortex  glass  tran¬ 
sition  for  Y-I237.  For  Tl-2212,  the  /(  V)  for  a  sim¬ 
ilar  range  of  parameter  space  do  not  support  [  5  ]  such 
a  vortex  glass  model. 

In  summary,  we  have  shown  experimental  evi¬ 
dence  to  suggest  that  the  flux  motion  associated  with 
the  magnetic  field  induced  broadening  of  the  resis¬ 
tive  transitions  of  highly  anisotropic  HTS  for  H\\c  is 
determined  by  an  intrinsic  dimensional  crossover 
from  3D  vortex  lines  to  2D  vortex  pancakes.  In  ad¬ 
dition,  our  observation  of  an  exponential  depen¬ 
dence  on  the  interlayer  (insulator)  spacing  for  var¬ 
ious  HTS  materials  is  consistent  with  Josephson 
tunneling  being  the  relevant  coupling  between  the 
Cu-O  bi-  or  tri-layers.  However,  at  sufficiently  low 
temperatures,  pinning  is  effective  in  the  2D  regime 
and  thus  H*  increases  above  the  dimensional-cross¬ 
over  value  and  may  be  sample  dependent.  For 
YBa2Cu307,  the  dimensional  crossover  is  not  pre¬ 
dicted  to  occur  below  Hc2  presumably  because  the 
conducting  Cu-O  chains  short-circuit  the  Josephson 
interlayer  coupling.  These  results  explain  why 
YBa2Cu307  has  the  best  superconducting  properties 
in  a  magnetic  field  and  also  shows  that  small  layer 
spacing  is  a  key  to  find  good  alternatives.  For  the 
present,  Tl- 1 223  seems  to  be  the  best  choice,  because 
of  the  higher  Tc  relative  to  either  Tl-1212  or  Y-1237. 
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Abstract  In  this  paper  we  describe  recent  successes  of  groxrth  of 
epitaxial  bismuth  tltanate  (BTO)  films  by  pulsed  laser  deposition 
(PLD)  suitable  for  electro-optic  and  electrical  std.tching  device 
structures,  and  fabrication  of  an  Improved  gate  structure  for  a 
ferroelectric  memory  FET  (FEMFET).  TEM  and  x-ray  results  indicate 
that  excellent  crystalline  quality  BTO  films  were  achieved  on 
LaAlO-.  Polarization  switching  was  demonstrated  for  BTO 
capacitors  with  epitaxial  superconducting  YBa.Cu.O.  as  the  lower 
electrode.  Using  an  SIO^  buffer  layer,  a  BTO/Si'^structure  was 
fabricated  and  direct  charge  modulation  in  the  Si  by  polarization 
reversal  in  the  BTO  was  demonstrated. 


INTRODUCTION 

1  2 

Since  the  growth  of  stoichiometric  and  epitaxial  films  of 
ferroelectric  bismuth  tltanate,  Bi^Ti^Oj^  (BTO),  by  rf  sputtering  was 
demonstrated  in  these  laboratories,  it  has  become  apparent  that  films 
of  this  material  offer  several  Important  and  unique  application 
opportunities  in  Integrated  electronics.  These  potential  applications 
derive  from  an  unusual  combination  of  several  useful  properties,  such 
as  high  electro-optic  contrast  switching  effects  under  low  address 
fields,  demonstrated  feasibility  of  direct  Integration  in  silicon 
FET’s  as  a  gate  dielectric,  and  the  capability  of  high  specific 
capacitance  associated  with  low  dielectric  loss. 

The  unique  electro-optic  switching  behaviour  of  BTO  crystals  has 
already  been  duplicated  in  sputtered  epitaxial  films  to  achieve  an  X-Y 
addressed  display.  For  this  purpose,  single-domain  film 
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structures  were  required  with  the  spontaneous  polarization  and  optic 
axis  lying  In  the  plane  o£  the  film.  Similarly,  experimental  Sl-based 
memory  structures  were  successfully  fabricated  In  which  switching 
between  the  "zero"  and  "one"  states  was  produced  by  reversing  the 

4 

ferroelectric  polarization  In  the  BTO  gate  dielectric  of  an  FET. 

2 

Finally,  high-value  (0.3  /tF/cm  )  and  low-loss  (tan  6  *  0.005} 
capacitors  were  fabricated  on  metallized  silicon  substrates  at  growth 
teiiq>eratures  of  about  550*C. 

Despite  these  early  successes  with  sputtered  films  of  BTO,  serious 
growth  problems  were  often  encountered  due  to  the  low  deposition  rates 
available,  to  the  Bl^O^-rlch  conq>osltlon  needed  In  the  target,  and  to 
the  Influence  of  Ion  bombardment  at  the  substrate.  These  effects  led 
to  particle  formation  In  the  films* ^  cracking  of  epitaxial  layers  and 

4 

Interdlffuslon  with  the  substrate  material.  In  particular*  the  the 
Interdlf fusion  with  SI  surfaces  produced  tunneling  barriers  vdilch 
promoted  anomalous*  Injection-dominated  switching  In  ferroelectric  FET 
memories  (FEMFETs). 

Recent  studies  by  Buhay  et  al.^’^  and  also  by  Ramesh  et  al.^  have 
demonstrated  that  high-quality  films  of  BTO  can  be  grown  on  a  variety 
of  substrates*  and  epitaxially  on  MgO*  by  pulsed  laser  deposition 
(FLO)*  using  approaches  similar  to  those  developed  for  growth  of  oxide 
superconductor  layers.  We  have  shown  that,  unlike  the  situation  with 
sputtering,  stoichiometric  targets  can  be  used  to  yield  particle-free 
films  of  excellent  structural  and  electrical  quality,  displaying 
essentially  bulk  ferroelectric  properties.  Moreover,  growth  could  be 
achieved  at  high  rates  and  low  substrate  temperatures  under  conditions 
coiiq>atlble  with  the  processing  needs  of  semiconductor  Integrated 
circuits.  In  the  present  paper  we  describe  recent  extensions  of  the 
PLD  method  to  epitaxial  growth  of  BTO  films  suitable  for  electro-optic 
and  electrical  switching  device  structures,  and  to  fabrication  of 
loproved  gate  dielectrics  for  FEMFET  arrays. 

EXPERIMENTAL 

Film  deposition  was  carried  out  using  a  Lumonics  HyperEx-A60 
Industrial  laser  operating  on  the  KrF  tr<ansltlon  at  248  nm  at  pulse 
energies  up  to  300  mJ,  with  pulse  durations  of  20-30  nsec  and 
repetition  rates  up  to  65  Hz.  The  films  were  prepared*  as  previously 
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described,^ with  an  estimated  laser  £luence,  on  the  stoichiometric 

2 

BTO  ceramic  target,  of  2  J/cm  ,  laser  pulse  rate  of  10  Hz,  and  oxygen 
flowing  at  a  pressure  of  200  mTorr.  For  these  conditions,  and  for 
nominal  substrate  temperatures  used  in  the  range  500-700*C,  films  were 
grown  to  a  typical  thickness  of  1  micron,  at  a  rate  of  about 
30  nm/mln.  Structural  characterization  was  performed  using  X-ray 
diffractometry  and  rocking  curve  measurements,  X-ray  oscillation  and 
Welssenberg  patterns,  electron  diffraction  and  transmission  electron 
microscopy  (TEM).  The  composition  of  the  layers  was  evaluated  u'^lng 
electron  microprobe  techniques.  Capacitance  and  conductance 
measurements  were  made  over  the  frequency  range  10-500  kHz  using  a 
Boonton  bridge,  and  ferroelectric  hysteresis  studies  were  carried  out 
with  a  modified  Sawyer-Tower  circuit. 

The  epitaxial  BTO  films  studied  here  Included  BTO/LaA102(001) , 
bl-layer  structures  of  the  type  BTO/TBCO/LaA102(001)  and 
BT0/YBC0/YSZ( 100)  and  trl- layer  structures  of  the  type 
BTO/SrTlOj/YBCO/LaAlO^COOl)  and  BTO/SrTi02/YBCO/YSZ(001) .  MIS 
structures  involving  BTO  deposits  on  thin  (100-200A)  buffer  layers  of 
CaFj  and  SIO^  on  (001 )S1  were  also  prepared  for  electrical  C-V 
measurements.  In  the  bl-  and  tri-layer  structures  the  epitaxial  films 
of  YBCO  (YBa^CUjO^)  and  SrTiO^  were  pre-deposlted  in  a  sepatace  vacuum 
system  by  r£  magnetron  sputtering.  In  the  case  of  silicon  substrates, 
CaF^  and  SiO^  were  pre-deposlted  by  vacuum  sublimation  and  thermal 
oxidation  respectively. 

RESULTS 

Epitaxial  Structures  on  (OODLaAlO^  and  Zlrconla  (YSZ)  Substrates 
LaA10^(001}  substrates  provide  an  excellent  lattice  match  to  the 
paraelectrlc  (high- temperature)  tetragonal  (001)  face  of  BTO  ("*12 
compared  to  2Z  for  SrTiO^  and  lOZ  for  1^0) .  BTO  films  were  grown  at 
nominal  substrate  temperatures  of  600,  675,  and  750*C.  Examination  by 
X-ray  diffractometry  indicated  In  each  case  primarily  the 
ferroelectric  orthorhombic  phase  with  a  very  strong  c-axls  (normal) 
crystal  orientation.  X-ray  Welssenberg  patterns  confirmed  a  well- 
oriented  epitaxial  structure  with  BTO(OOl)  //  LaA102(001),  and  with 
a-b  t\ri.nnlng  in  the  (001)  plane  of  the  substrate,  i.e.  BTO[100]  and 
[010]  II  LaA10^[110]  (see  Figure  1).  X-ray  rocking  curve  studies 
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FIGURE  1  X-cay  Wcissenberg  pattern  of  BTO  film  grown  at  7S0*C  on 

LaAlO^(lOO). 

yielded  FVfQi  values  depending  sensitively  on  growth  temperature 
Increasing  the  growth  temperature  from  600  through  675  to  750* C 
produces  a  dramatic  liq>rovement  In  film  quality,  with  the 
corresponding  FUHH  widths  changing  as  shown  In  Figure  2. 

TEM  studies  performed  on  the  750*C  sample  gave  confirmation  of  the 
twinned  structure  (Figure  3).  Small  area  diffraction  (SAD)  measured 
In  the  twinned  areas  (different  contrast  regions  In  Figure  3a  and  3b} 
shoved  the  orientations  of  the  a-b  axes  differ  by  90*  rotation  and  the 
twin  boundaries  are  parallel  to  the  film  axes.  Two  types  of 
boundaries  observed  were:  (a)  straight  boundaries  (Figure  3a) 
probably  associated  with  formation  of  twins  directly  at  the  growth 
temperature  near  the  Curie  point  (Tc)  transition,  and  (b)  curved 
boundaries  (Figure  3b)  tentatively  attributed  to  formation  of 
ferroelectric  domains  on  cooling  below  Tc.  These  results  suggest  that 
the  true  film  growth  temperature  may  differ  from  that  measured  at  the 
heater  surface  by  as  much  as  60-80*C.  However,  single  domain  film 
structures  of  qualify  adequate  for  optical  waveguide  modulators  can 
probably  be  achieved  by  growing  further  above  the  Tc  transition. 
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600  650  700  750 

Growth  Temperature  "C 

FIGURE  2  FWHM  of  X-ray  rocking  curve  about  (0014)  versus  temperature 
for  BTO  film  of  Figure  1. 

Good-quality  epitaxy  of  BTO  was  also  obtained  In  the  various  bl¬ 
and  trl-layer,  (001)  oriented  samples  on  LaAlO^  and  yttrla-stablllzed 
Zr02<  In  each  case,  the  BTO  c-eucls  was  normal  to  the  substrate  plane. 
In  the  case  of  the  structures  with  YBCO,  a  narrow  temperature  window 
was  established  for  BTO  growth  \dilch  led  to  ferroelectric  behaviour 
without  degradation  of  the  superconducting  transition  at  90K  In  the 
YBCO.  Using  gold  top  electrodes,  hysteresis  loops  of  the  type  shown 

In  Figure  4  were  displayed.  The  measured  polarization  at  partial 

2 

saturation  (4.3  /tC/cm  )  agrees  well  with  the  bulk  crystal  value 
parallel  to  the  c-axls,  but  the  coercive  field  (200-300  kV/cm)  Is 
anomalously  high.  These  structures  provide  a  unique  example  of 
highly-ordered,  lattice-matched  electrode/  ferroelectric  Interfaces, 
which  should  possess  high  stability  and  reduced  fatigue,  for  example. 
In  semiconductor  memory  configuration. 
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(a) 


(b) 


FIGURE  3  TEMs  o£  sane  BTO  £llm  o£  Figures  1  and  2: 
twin  boundaries;  (b)  curved  twin  boundaries. 


(a)  straight 
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FIGURE  4  Hysteresis  loop  tneesured  at  2  kH^  for  BT0/SrT10,/7BC0/YSZ 
structure.  Scale:  Vertical,  3.5  /tC/ca  per  large  division; 
Horizontal,  310  kV/cm  per  large  division. 

MIS  Structures  on  Silicon 

These  structures  vere  explored  with  the  aim  of  establishing  whether 

PLD  films  of  BTO  on  Si  (with  or  without  dielectric  buffer  layers) 

aight  exhibit  switching  behaviour  free  from  the  charge  injection 

effects  encountered  previously  with  sputter-deposited  BTO  layers. 

BTO  structures  prepared  by  FLO  without  such  buffer  layers  were  In  fact 

found  to  display  injection  effects,  and  will  not  be  discussed  further 

here.  The  results  for  BTO  structures  using  CaF2  or  SIO^  as  a  buffer 

layer  are  discussed  further  below.  The  BT0/CaF2  dielectric  structure 

was  deposited  on  a  standard  VHSIC  CMOS  wafer  (4-8  Ohm-cm  p~Si  epi- 

layer  grown  on  0.005-0.02  Ohm-cm  p^^Sl  substrate).  The  BTO/SIO. 

structure  was  deposited  on  a  gridded  (6  fim  wide  N  lines  spaced  60  ftm 

apart)  standard  wafer.  In  both  cases  a  mercury  probe  having  an  area 
-3  2 

of  0.64  X  10  cm  was  used  as  the  top  electrode.  The  BTO/CaF^  and 
BTO/SIO2  test  structures  and  C-V  plots  are  shown  in  Figures  5  and  6 
respectively. 

The  test  structure  of  Figure  5  was  Intended  to  simulate  a  FEMFET 
that  is  Incorporated  in  a  P-well  CMOS  VLSIC  memory,  i.e.,  an  N-channel 
FEMFET.  Thus,  as  the  gate  voltage  sweeps  from  >5  volts  to  -5  volts  in 
the  C-V  hysteresis  curve  of  Figure  5,  the  capacitance  of  the  gate 
dielectric  stack  increases  as  the  depletion- region  "Inversion  charge 
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Test  Cross-Section: 
Area  -  .64E-3Cm2 


FIGURE  5  Test  structure  and  C-V  hysteresis  result  for  a  CaF  > 
buffered  BTO  film  on  a  standard  VHSIC  CMOS  SI  wafer. 

layer"  becomes  an  "accumulation  charge  layer",  with  the  disappearance 
of  the  series  depletion-region  capacitance  at  approximately  the 
threshold  voltage.  The  shift  of  the  threshold  from  enhancement  mode 
toward  depletion  mode  In  response  to  negative  programming  ~ 

volts)  Indicates  positive  charge  trapped  near  the  semlconductor-gate- 
dielectrlc  interface  rather  than  a  negative  sheet  of  charge  that  would 
arise  If  the  negative  gate  reoriented  the  ferroelectric  dipoles  to  the 
positive  end  adjacent  to  the  negative  gate.  Thus,  the  polarity  of  the 
threshold  shift  of  the  C-V  plot  (arrow  directions  shown  In  Figure  5) 
for  the  BTO/CaF^  structure  Is  consistent  with  the  Interpretation  that 
charge  Is  being  Injected  from  the  SI  surface  Into  traps  near  the 
BTO/CaF^  Interface  (Injection  type  on/off  switching). 

The  test  structure  of  Figure  6  Includes  more  of  the  FEMFET 
(namely,  the  NMOST  source/draln  Implants)  to  greatly  facilitate  both 
pulsed  and  endurance  C-V  measurements.  Consequently,  In  the  C-V  plot 
of  Figure  6,  the  lower  apparent  capacitance  Is  shunted  back  to  Its 
higher  value  by  an  Inversion  layer  whose  source  of  electrons  Is  the 
source/draln  grid  Implant  that  Is  shorted  to  the  substrate.  Only 
during  the  transition  from  an  accumulation  layer  (arising  from  a 
negative  gate  bias)  to  the  Inversion  layer  (associated  with  a  positive 
gate  bias)  does  the  gate  capacitance  drop  to  a  minimum  value  at  a  gate 
voltage  near  the  effective  threshold  voltage.  Thus,  from  the  grldded- 
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Test  Cross-Section: 
Area  -  .64E-3CM2 


FIGURE  6  Test  structure  and  C-V  hysteresis  result  for  a 
SlO^-buffered  BTO  film  on  a  grldded  wafer. 

wafer  C-V  hysteresis  curve  of  Figure  6,  the  negative  memory-gate 
programming  gives  the  enhancement  mode  (normally  OFF)  while  the 
positive  memory  gate  programming  gives  the  depletion  mode  (normally 
ON).  The  polarity  of  the  threshold  shift  of  the  C-V  plot  (arrow 
directions  shown  in  Figure  6)  for  the  BTO/SIO^  structure  is  opposite 
of  that  in  Figure  5  and  is  indicative  of  ferroelectric  switching. 

That  is,  for  5-volt  programmings  the  reversible  ferroelectric 
polarization  dominated  when  charge  tunnelling  and  trapping  was 
Inhibited  by  the  good  quality  Si02  buffer  layer.  The  CaF^  buffer 
layer,  however,  permitted  so  much  charge  tunnelling  and  trapping  that 
it  completely  dominated  over  any  likely  ferroelectric  polarization 
switching.  The  faster  BTO  ferroelectric  switching  Is  the  desired  goal 
for  NDRO  FERRAM  operation. 

SUMMARY 

Pulsed  laser  deposition  has  been  used.  In  conjunction  with  a 
stoichiometric  target,  to  deposit  a  variety  of  BTO  epitaxial 
structures  on  (001)  crystal  substrates  of  LaAlO^  and  YSZ.  By 
controlling  the  growth  temperature.  It  was  possible  to  form  high- 
quality  BTO  capacitors  with  epitaxial  superconducting  YBCO  as  the 
lower  electrode,  and  to  demonstrate  polarization  switching.  Using 
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SiO^  buffer  layers,  BTO/Si  MIS  structures  also  were  grown,  and  the 
feasibility  of  direct  charge  modulation  in  the  Si  by  polarization 
reversal  in  the  BTO  was  demonstrated. 
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IN-SITU  DEPOSITION  OF  YBaCuO  FILMS  ON  BOTH  SIDES  OF 
TWO-INCH  DIAMETER  WAFERS  BY  OFF-AXIS  SPUTTERING* 
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ABSTRACT 

YBa2Cu307  thin  films  have  been  magnetron  sputtered  in  the  oH-axis 
geometry  from  stoichiometric  targets  on  LaAlOj  substrates  resulting  in  in-situ 
superconducting  films  with  resistive  and  inductive  T^  of  about  90  K. 
Double-sided  sputter  deposition  on  two-inch  diameter,  radiantly  heated 
substrates  performed  sequentially  on  each  side  is  reported  for  the  first  time. 

Of  particular  importance  for  microwave  device  applications  is  the  attainment 
of  low  surface  resistances  in  the  range  of  0.3  to  0.7  mfl  at  77  K  and  10  GHz 
for  double-sided  films. 


INTRODUCTION 

One  of  the  first  applications  of  high  temperature  superconductors  (HTS) 
is  the  development  of  passive  microwave  components.  Much  of  the  work  has 
focused  on  thin  films  of  the  HTS  YBa2Cu307  (YBCO)  deposited  on 
lattice-matched  substrates.  Except  for  the  most  demanding  applications  where 
very  low  loss  sapphire  substrates  are  required,  LslAIOj  is  the  preferred 
substrate  owing  to  its  close  lattice  matc^  moderately  low  loss  and  reasonable 
dielectric  constant. In  previously  published  work,  we  have  shown  that  highly 
c-axis  oriented  YBCO  films  with  excellent  transition  temperatures,  T^,  and 
surface  resistances,  R,,  at  microwave  frequencies  could  be  deposited  over  large 
(2-in.  dia.)  areas  using  a  t^hnique  in  which  silver  paste  was  used  to  attach 
the  wafer  to  the  sample  block.^  Although  this  method  provides  good  thermal 
contact  and  uniformity,  it  precludes  using  the  back  side  of  the  wafer  for  a 
second  YBCO'  layer  and,  because  of  the  fragility  of  LaAlOj,  results  in 
intolerable  wafer  breakage  for  large  area  szunples. 

For  several  types  of  microwave  components,  e.g.  microstrip  filters,  the 
proximity  of  a  superconducting  ground  plane  is  highly  desirable  -  leading  to 
the  necessity  of  developing  techniques  for  the  deposition  of  YBCO  films  on 
both  sides  of  a  substrate.  The  alternative  of  using  stacked  single-sided  films 
can  lead  to  mechanical  problems,  air-gaps  causing  excessive  loss  and 
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difTlculties  with  proper  grounding  of  the  superconducting  ground  plane. 
Additionally,  ever  larger  diameter  (2  to  4  in.)  substrates  will  become 
increasingly  important  for  components  which  must  be  critically  matched  as 
well  as  the  economic  advantage  of  fabricating  many  dies  per  processing  cycle. 
In  this  paper  we  will  describe  the  techniques  we  have  developed  for 
double-sided  deposition  of  high  quality  YBCO  films  on  2-in.  dia.  substrates 
and  the  characterization  of  these  films.  To  the  best  of  our  knowledge  this  is 
the  first  report  of  sputter  deposition  of  YBCO  films  on  both  surfaces  of  a 
substrate  with  the  only  other  report  of  double-sided  deposition  having  been 
performed  by  a  MOCVD  process.^ 


EXPERIMENTAL  METHOD 

The  experimental  techniques  which  are  used  for  the  Ln-situ  growth  of 
YBCO  films  by  off-axis  sputtering  have  been  reported  previously.^  For  this 
work  the  geometry  (relative  position  of  source  and  sample)  is  unchanged 
except  that  a  sputter-down  rather  than  sputter-up  configuration  is  used  as 
illustrated  in  Figure  1.  This  is  so  because  the  samples  are  rested  on  a 
quartz  plate  which  covers  an  approximately  3-in.  dia.  kanthal  heater.  The 
sample  is  stationary  during  film  deposition.  Twenty  large-area  wafers  have 
been  processed  in  this  configuration.  Sputtering  is  performed  from  a  2-in. 
dia.  stoichiometric  YBCO  target  using  110  watts  of  rf  power  in  a 
continuously  pumped  gaseous  atmosphere  consisting  approximately  of 
200  mtorr  argon,  50  mtorr  oxygen  and  20  mtorr  water  vapor.  Reasonable 
variation  of  the  gas  composition  is  not  critical;^  however,  we  have  found  that 
small  additions  of  water  vapor  are  beneficial  yielding  consistently  >90  K 
superconducting  transition  temperatures.^  The  sample  temperature  during 
deposition,  determined  by  Infrared  pyrometry,  is  670*  C  with  an  estimated 
accuracy  of  *20*  C.  Under  these  conditions  a  deposition  rate  of  20  nm/hr  is 
obtained.  Following  growth  the  sample  is  cooled  in  25  torr  O2  to  400 *C 
where  it  is  held  for  20  min.  prior  to  cooling  to  room  temperature.  For 
double-sided  depositions  the  chamber  is  opened,  the  sample  is  turned  over 
and  the  process  repeated. 


SUBSTRATE  5 g cm 


Fig.  1.  Sputter-down  configuration  for  off-axis  sputtering  used  for 
double-sided  deposition  on  2-in.  diameter  wafers. 


The  critical  temperature  was  measured  both  resistively,  using  the 
st2uidard  Van  der  Pauw  technique,  and  as  a  change  of  inductance  for  a 
copper  coil  placed  against  the  film  and  driven  at  100  kHz.  Resistive  T^.  was 
determined  at  the  temperature  the  resistance  goes  to  zero  while  the  inductive 

was  determined  by  the  transition  midpoint.  Microwave  surface  resistances 
are  measured  using  a  parallel  plate  resonator  following  the  technique 
developed  by  Taber.^  The  sample  geometry  consists  of  two  1/4X1/2  in. 
samples  separated  by  .0005  in.  teflon  film.  The  RF  leads  are  loosely  coupled 
to  the  resonator  so  that  the  loaded  and  unloaded  Q’s  can  be  assumed  equal. 
Values  of  R3  are  normalized  from  the  resonant  frequency  of  approximately 
8.5  GHz  to  10  GHz  assuming  an  f^  dependence  for  the  surface  resistance. 

EXPERIMENTAL  RESULTS 

YBCO  films  deposited  on  LaAlO^  substrates  are  highly  c-axis  oriented. 

A  very  small  a-axis  component  is  observed  as  seen  in  Figure  2  where  the 
x-ray  diffraction  patterns  of  the  front  surface  (side  A)  and  back  surface  (side 
B)  of  a  double-sided  film  are  compared.  (Note  the  logarithmic  scale  in 
Figure  2.)  These  films  exhibit  amongst  the  smallest  a-axis  content  we  have 
observed  and  is  an  improvement  over  the  smaller  area,  single  sided  films  we 
have  reported  on  previously. 


Resistive  and  inductive  transition  temperatures  have  been  measured  on 
double-sided  films  where  representative  results  are  shown  in  Figures  3a  and 
3b  for  side  A  and  side  B  of  a  2-in.  dia.  film,  respectively.  The  inductive 
transition  is  shown  in  the  inset  curves  of  the  figures  and  is  seen  to  follow 
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Fig.  2.  X-ray  diffraction  pattern  for  side  A  and  side  B  of  a  double¬ 
sided  film  showing  very  small  a-axis  (200)  contribution. 


Resistivity  versus  temperature  for  double-sided  YBCO  film 
deposited  on  a)  side  A  and  b)  side  B  of  a  2-in.  dia.  LaAlOj 
wafer.  The  inset  figure  compares  the  resistive  and  inductive 
transitions. 


very  closely  the  resistive  transition.  Resistive  Tg(R=0)  values  >90  K  are 
obtained  for  both  sides  of  this  wafer.  A  series  of  measurements  were 
made  spanning  the  diaimeter  of  a  2-in.  wafer  and  the  results  are  presented  in 
Figure  4.  As  can  be  seen  the  uniformity  of  is  excellent  —  varying 
between  89  K  and  91  K  over  the  wafer  diameter. 


Fig.  4.  Critical  temperature  (R  =  0)  for  both  sides  of  a  double-sided 
film  showing  *1  K  imiformity  over  a  2-in.  dia.  substrate. 


Of  particular  importance  for  the  passive  microwave  components  which  are 
being  fabricated  from  these  wafers  b  the  surface  resist2mce  at  microwave 
frequencies.  R.  values,  at  77  K  and  normalized  to  10  GHz,  have  been 
measured  on  1/4X1/2  in.  test  chips  which  surround  microwave  device  patterns 
in  the  center  of  the  2-in.  diameter  wafer.  The  location  of  test  chips  for  two 
types  of  devices  are  shown  in  Figures  5a  and  5b.  The  R,  test  chips  for  the 
’filter’  wafer  (Figure  5b)  were  measured  after  the  filter  was  completely 
processed  and  the  wafer  was  diced.-  As  one  side  of  the  wafer  was  coated 
with  gold  (for  electrical  contact  to  the  YBCO  superconducting  ground  plane), 
Rj  could  only  be  measured  on  one  side,  in  this  case  side  B,  of  the 
double-sided  film.  The  two  sets  of  test  chips  measured  (chips  9  and  10,  and 
12  and  13  as  noted  in  Figure  5b)  showed  R,  values  of  0.30  and  0.40  mil, 
respectively.  On  the  ’antenna’  wafer  (Figure  5a)  R,  values  averaged  0.65  mQ 
for  side  A  and  0.70  mil  for  side  B  were  measured.  The  specific  pairs  of 
chips  measured  and  the  results  obtained  for  R,  are  listed  in  Table  1.  The 
Rj  data  are  shown  in  Figure  6  superimposed  on  a  curve  summarizing  R, 
measurements  from  a  number  of  laboratories  as  collected  by  Piel  and 
Mueller.®  As  is  evident  from  this  figure,  the  R,  values  for  these  double-sided 
films  fall  within  the  scatter  of  the  data  summarized.  These  results  also  are 
very  comparable  to  that  of  our  earlier,  smaller-area  films  which  typically  have 
R,  values  of  0.6  mfl  where  our  best  value  measured  to  date  is  0.2  mQ. 


Fig.  5.  Location  of  test  chips  used  to  determine  surface  resistance  for 
a)  ’antenna’  wafer  and  b)  ’filter’  wafer. 


SUMMARY  AND  CONCLUSIONS 

The  deposition  of  YBCO  thin  filnru;  by  in-situ  off-axis  sputtering  on  both 
sides  of  2-in.  dia.  LaAlOj  substrates  has  been  demonstrated.  >  90  K  is 
obtained  for  both  sides  of  these  films.  Surface  resistances  of  0.65  and 
0.70  mQ  at  77  K  and  normalized  to  10  GHz  have  been  measured  for  the  first 
(side  A)  and  second  (side  B)  sides  deposited,  respectively.  Moreover,  R,  as 
low  as  0.30  mQ  has  been  measured  on  side  B  of  a  double-sided  wafer  which 
had  undergone  a  complete  microwave  device  processing  cycle.  The  above 
results  compare  very  favorably  with  our  previous  work  with  smaller  area 
single-sided  films. 

Several  enhancements  to  our  deposition  process  can  be  readily  envisioned. 
One  would  be  to  incorporate  the  necessary  fixturing  to  turn  over  the  sample 
after  the  first  side  is  deposited  which  would  eliminate  the  present  requirement 
of  opening  the  chamber  to  turn  the  sample  over.  Another  would  be  the 
addition  of  a  sample  rotation  capability  to  improve  uniformity. 

This  initial  work  with  double-sided  depositions  of  high  quality  YBCO 
films  on  2-in.  diameter  substrates  has  demonstrated  a  major  milestone  in  the 
producibility  of  microwave  components  —  allowing  larger  area  devices  or 
multiple  devices  per  wafer  to  be  fabricated  which  incorporate  a 
superconducting  groimd  plane  on  the  back  side  of  the  wafer. 


Table  1.  Summary  of  surface  resistance  measurements  made  on 
test  chips  taken  from  2-in.  wafers.  See  Fig.  5  for 
location  of  test  chips  on  wafers. 


Sample 

R,  (mQ) 

R,  (mO) 

Numbers 

77K,  10  GHz 

77K,  10  GHz 

SIDE  A 

SIDE  B 

1/2 

0.68 

0.76 

3/4 

0.63 

0.69 

5/6 

0.63 

0.68 

9/10 

0.30 

12/13 

— 

0.40 

Fig.  6.  Comparison  of  surface  resistance  measurements  of  double-sided 
films  with  literature  values  taken  from  Ref.  6.  The  surface 
resistance  of  copper  is  shown  for  comparison. 
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The  requirements  and  status  of  high  Tc  superconductor  (HTS)  films  for  the  development  of  electronic  applications 
are  described  with  an  emphasis  on  passive  microwave  devices.  One  of  the  most  general  requirements,  a  low  RF 
surface  resistance  relative  to  Cu,  has  been  achieved  in  films  of  several  different  HTS  compounds.  However,  the  best 
films,  made  of  YBazCusO?  (YBCO)  by  any  one  of  several,  techniques,  have  in  common  a  residual  surface  resistance 
that  is  much  greater  than  predicted  by  conventional  superconductivity  theory.  Improvement  in  films  also  is  limited 
by  the  current  size  and  selection  of  single  crystal  substrate  materials.  Other  issues  that  must  be  resolved  to  develop 
a  full  integrated  circuit  technology  for  HTS  are  substrate  heating  during  film  deposition,  deposited  epitaxial  insulators 
and  determination  of  which  interfaces  in  a  multilevel  circuit  must  be  formed  in  situ. 


Introduction 

The  emphasis  of  this  paper  is  on 
the  materials  requirements  for  HTS 
passive  microwave  devices  for  three 
reasons.  The  development  of  HTS 
Josephson  junctions  is  sufficiently 
difficult  that  a  wide  range  of  tebrica* 
tion  alternatives  are  being  explored. 
To  describe  all  of  them  would  re¬ 
quire  a  separate  paper.  Passive  mi¬ 
crowave  devices  are  expected  to  be 
the  first  practical  application  of  HTS. 
Many  of  the  HTS  materials  issues 
considered  here  have  broader  im¬ 
plications.  The  general  require¬ 


ments  of  high  speed  and/or  low 
noise  operation  in  circuits  with 
some  level  of  integration  apply  to  all 
of  superconducting  electronics. 
Only  films  on  single  crystal  epitaxial 
substrates  are  considered  here. 

Requirements  for  Specific 
Microwave  Devices 
Rgures  of  merit  for  several  pas¬ 
sive  devices  are  listed  in  Tablet. 
The  most  important  requirement  is 
an  RF  surtece  resistance  R,,  which 
is  low  compared  to  normal  metals 
(Cu.  Au).  For  operation  at  <  80*  K,  the 


three  of  the  highest  Tc  supercon¬ 
ductor  families,  YBCO,  Bi-Sr-Ca- 
Cu-0  (BSCCO).  and  Tl-Ba-Ca-Cu- 
O  (TBCCO),  can  be  considered. 
However,  a  search  of  the  literature,’ 
indicates  that  only  three  measure¬ 
ments  of  Rs  of  BSCCO  films  have 
been  published,^'^  and  no  results 
were  obtained  in  the  frequency 
range  of  2  to  1 9  GHz  that  were  better 
than  the  R,  of  Cu.  BSCCO  films  are 
considered  to  have  largely  unknown 
RF  properties.  Only  three  laborato¬ 
ries,  including  Westinghouse,  have 
explored  the  properties  of  TBCCO 


MATERIAL  ISSUEo' IN  THE  FABRICATION  OF  HTS  MICROWAVE  DEVICES 
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mechanical,  packaging 
crossovers 

interface  vrilh  normal  metal 

YBCO,  BSCCO  A  TBCCO  are  an  feasible 

films  on  both  sides  ol  substrate  i 

deposited,  epHasial  dielectrics 

low  resistance  contacts  | 
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films  at  microwave  frequencies.  The 
only  information  on  Rj  of  TBCCO 
has  been  published  recently.^® 

In  contrast,  more  than  100  papers 
have  been  published  on  the  surface 
resistance  of  YBCO  films.  The  low¬ 
est  Rs  is  obtained  for  films  grown 
epitaxially  on  single  crystal  insulat¬ 
ing  substrates  with  the  film’s  C-axis 
parallel  to  the  growth  direction.  All 
of  the  components  in  Table  1  re¬ 
quire  such  films.  For  high-Q  reson¬ 
ators,  the  requirement  of  low  phase 
noise  also  may  demand  that  essen¬ 
tially  single  crystal  films  are  used. 
Since  YBCO  is  the  most  highly  de¬ 
veloped  materials  system,  the  fabri¬ 
cation  issues  listed  in  Table  1  are 
evaluated  in  this  paper  with  refer¬ 
ence  to  YBCO. 


Substrates  for  HTS  Films 
Several  of  the  requirements  in  Ta¬ 
ble  1  relate  to  substrate  properties. 
Table  2  contains  a  list  of  the  impor¬ 
tant  single  crystal  substrates  for 
HTS  films  and  their  dielectric  prop¬ 
erties.  Epitaxial  C-axis  YBCO  films 
can  be  grown  on  the  (100)  face  of 
any  of  these  substrates.  The  best  DC 
YBCO  film  properties  generally  are 
obtained  in  films  grown  on  sub¬ 
strates  with  a  perovskite  or  perovs- 
kite-related  structure.  The  values  of 
the  loss  tangent  tan  S,  shown  in  Fig¬ 
ure  1,  are  too  high  for  SrTiOa  or 
yttria-stabiiized  zirconia  (YSZ)  to 
be  used  in  RF  applications.  MgO, 
LaAlOa,  and  LaGaOa  have  a  tan  S  for 
T  <  77”  K  that  is  acceptable  for  all 
but  the  highest-Q  applications.  For 


those  applications,  only  sapphire 
has  acceptably  low  dielectric 
losses. 

The  real  part  of  the  dielectric  con¬ 
stant  also  can  limit  application.  In 
microstrip  configurations  where  two 
YBCO  films  are  separated  by  the 
substrate  thickness,  the  width  of 
conducting  lines  and  spacing  be¬ 
tween  them  are  determined  by  the 
range  of  substrate  thickness  that 
can  be  used  conveniently,  ~  0.3  to 
0.6  mm.  For  UHF  circuits,  substrate 
area  can  be  reduced  by  using  a 
substrate  with  £,  =  20  to  25.  For 
mm-wave  circuits,  fabrication  toler¬ 
ances  become  extremely  small  un¬ 
less  a  low  dielectric  constant  sub¬ 
strate  is  used. 

Due  to  its  combination  of  favor- 
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able  RF  properties,  mechanical 
properties  and  availability,  sapphire 
appears  a  priori  to  be  the  preferred 
substrate.  Epitaxial  growth  of  C-axis 
YBCO  occurs  on  the  (1 1 02)  surface, 
which  has  a  two-dimensional  rec¬ 
tangular  lattice.  However,  sapphire 
reacts  more  readily  with  YBCO  than 
the  other  substrates  of  Table  1  and 
has  a  poor  lattice  match.  From  X-ray 
diffraction  studies,  it  has  been  found 
that  the  YBCO  (100)  direction  in  the 
plane  of  the  film  lies  parallel  to  the 
diagonal  of  the  rectangular  surface 
grid  of  sapphire,  which  is  in  agree¬ 
ment  with  previously  published 
work.^^  Figure  2  shows  how  the  lat¬ 
tice  mismatch  between  various  sub¬ 
strates  and  YBCO  correlates  with 
the  X-ray  rocking-curve  width,  full 
width  at  half  maximum,  for  the  (005) 
peak.  For  both  sapphire  and  YSZ, 
the  length  of  a  diagonal  in  the  two- 
dimensional  surface  grid  is  the  ap¬ 
propriate  lattice  spacing.  For  all  oth¬ 
ers,  a  <  100>  direction  in  the  film 
is  parallel  to  a  <  100  >  direction  in 
the  substrate.  The  rocking  curve 


widths  also  correlate  with  DC  criti¬ 
cal  current  density^®  and  Rj,  with  the 
best  results  obtained  for  films  grown 
on  LaAlOa  and  SrTiOa. 

Another  advantage  of  the  perovs- 
kite-structure  substrates  is  a  close 
thermal  expansion  match  to  YBCO. 
One  disadvantage  is  the  occur¬ 
rence  of  a  structural  transformation 
at  a  temperature  between  the  dep¬ 
osition  and  operating  temperatures. 
After  cycling  through  the  transfor¬ 
mation,  strain  in  the  crystal  is  re¬ 
lieved  by  twinning  and  through  sur¬ 
face  roughness.  For  LaGAOa  a  cub- 
ic-to-tetragonal  transformation  at 
150“C  results  in  a  rough  surface 
with,  at  times,  discontinuities  in  the 
YBCO  film.  In  the  case  of  LaAIOs  a 
cubic-to-rhombohedra  90.1*  trans¬ 
formation  at  ~450“C  does  not  dis¬ 
rupt  the  film  although  surface 
roughness  is  on  the  order  of  50  nm, 
by  profilometer  measurement  with 
a  period  of  50  pm.  Both  perovskites 
can  be  produced  by  Czochralski 
growth  and  are  available  in  sizes  up 
to  2"  in  diameter.  Substantially 


larger  sizes  would  be  useful  for  UHF 
antenna  arrays.  It  is  expected  that 
NdGaOa  will  have  all  the  advantages 
of  LaAIOs  without  rough  surfaces.  Its 
structural  transformation  at  1350*C 
is  at  a  temperature  rnuch  greater 
than  growth  temperatures.  Data  on 
the  dielectric  properties  of  NdGaOs 
are  not  yet  available. 

In  summary,  LaAIOs  is  the  pre¬ 
ferred  substrate  at  present  for  its 
lattice  match  to  YBCO,  chemical 
stability  in  contact  with  YBCO,  avail¬ 
ability  in  sizes  up  to  2"  in  diameter, 
reasonably  low  tan  5,  and  manage¬ 
able  dielectric  constant  Neverthe¬ 
less,  there  is  a  substantial  effort  un¬ 
derway  to  make  use  of  sapphire  by 
growing  YBCO  on  a  buffer  layer  of 
epitaxial  MgO  (100),®®®’  LaAlOa 
(100)  or  SrTiOa  (100)®®  on  sapphire. 


Rt  and  YBCO  Rim  Growth 

The  best  YBCO  films  grown  by 
sputtering,  co-evaporation  and  las¬ 
er  ablation  have  comparable  critical 
temperatures,  transition  widths,  crit- 


ical  current  densities  and  depend¬ 
ence  on  thickness  for  ultra-thin 
films  (<  10  nm  thick).  The  films  have 
in  common  a  deposition  tempera¬ 
ture  of  650  to  750“C,  growth  in  the 
presence  of  molecular  or  activated 
oxygen,  and  a  cooldown  from  the 
deposition  temperature  in  >  10  torr 
O2  to  transform  to  the  orthorhombic 
YBCO  structure. 

Measurements  of  Rj  were  made 
with  X-band  resonators  in  either  a 
stripline,  microstrip  or  parallel-plate 
configuration.  In  the  stripline  config¬ 
uration,  shown  in  RgureS,  an  Nb 
film  was  patterned  in  a  half-wave¬ 
length  long  line  on  one  side  of  a  0.7" 
X  0.25"  X  0.02"  substrate  and  a  Nb 
ground  plane  was  deposited  on  the 
other  side.  An  HTS  film  was  used  as 
the  second  ground  plane.“  and  Rj 
was  calculated  from  the  Q  meas¬ 
ured  in  transmission.  The  substrate 
of  the  HTS  film  was  inside  the  res¬ 
onator  so  current  flowed  in  the  film 
layer  adjacent  to  the  substrate. 
Measurements  of  R,  were  made 
only  at  4.2*  K  In  the  microstrip  con-. 


figuration,  two  nominally  identical 
HTS  films  were  mounted  with  both 
of  their  substrates  in  the  cavity.  One 
film  was  patterned  in  a  half-wave¬ 
length  line  and  the  other  was  used 
as  a  ground  plane.  Again,  R,  was 
calculated^  from  Q  measured  in 
transmission. 

For  the  third  type  of  resonator,  a 
parallel-plate  design,^  two  unpat¬ 
terned  and  nominally  identical  films 
on  0.25"  X  0.5"  substrates  were 
placed  face  to  face  with  a  12  pm 
thick  teflon  sh^t  separating  them. 
The  small  separation  between  films 
resulted  in  a  lower  Q  than  for  mi¬ 
crostrip  or  stripline  resonators.  The 
low  Q  ensured  that  losses  from  the 
superconductor  dominated  over  di¬ 
electric  or  radiation  losses,  even  for 
the  lowest  Rj  films.^  This  configu¬ 
ration  was  not  suitable  for  films  with 
Rs  comparable  to  that  of  Cu  at 
10  GHz,  that  is.  ttie  parallel-plate 
resonator  needed  to  have  a  thicker 
dielectric  to  obtain  a  measurable  Q 
for  high  Rj  films.  In  all  cases,  includ¬ 
ing  stripline,  microstrip  or  parallel- 


plate  resonators,  the  resonators 
were  weakly  coupled  to  the  rest  of 
the  circuit  so  the  unloaded  Q  could 
be  assumed  to  be  equal  to  the 
loaded  Q. 

Figure  4  shows  the  result  of  par¬ 
allel-plate  measurements  at  10  GHz 
as  a  function  of  temperture  for  a  pair 
of  YBCO  films  deposited  on  LaAIOa. 
Measurements  were  made  in  a 
cryorefrigerator.  The  range  of  Rs 
values  for  chips  cut  from  a  single  2" 
diameter  LaAlOa  wafer  were  ob¬ 
tained  from  measurements  made  in 
liquid  nitrogen.  The  YBCO  films 
were  deposited  by  off-axis  sput¬ 
tering  from  a  stoichiometric 
YBaaCuaOr  target  at  a  substrate 
temperature  of 670*C  by  DC  magne¬ 
tron  sputtering.  The  sputtering  gas 
consisted  of  20mtorr  O2  and 
ISOmtorr  Ar.  Additional  deposition 
details  were  published  previously.^ 
Figure  4  shows  two  general  features 
of  Rs  measurements  made  on  state- 
of-the-art  YBCO  films;  including  a 
value  of  Rs  at  X  band  that  is  signif- 

[Continued  on  page  110] 


Fig.  1  A  graph  of  the  dielectric  loss  tangent  (tan  8)  as  a  function 
of  tamperalura  for  single-crystal  substrates  The  data  points 
represMit  a  synthesis  of  the  data  in  Table  1 .  The  lines  drawn 
between  data  points  are  included  to  distinguish  data 
on  different  substrates 


Fig.  2  X-ray  rocking  curve  widths  (PWHM)  for  the  (005)  peak 
of  epitaxial  YBCO  Mms  grown  on  various  substrates.  The  data 
rorrefala  with  the  diflarence  between  the  lattice  constant 
of  YBCO  and  the  lubatrale  at  the  deposition  temperature 
of  —  6SOC.  For  sapphire  and  YSZ,  the  lattice  spacing  is  the 
length  of  a  diagonal  in  the  two-dimensional  surfKe  lattice  that 
lies  parallel  to  a  <  100  >  direction  in  the  YBCO  film. 
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Rg.  3  Nb  and  Y8C0  end-coupled  stripline  resonator.  The 
patterned  conductor  and  bottom  ground  plane  are  epitaxial  Nb 
films  grown  on  sapphire.  The  top  ground  plane  is  a  YBCO  film 
to  be  evaluated.  Capacitive  coupling  to  the  resonator  is 
accomplished  by  adjustable  pins. 


Rg.  4  R,  and  I/O  as  a  function  of  temperature  from  parallel-plate 
resonator  measurements  at  10  GHz. 


icantly  lower  than  that  of  normal  me¬ 
tals.  for  example,  at  77°K  and 
10  GHz,  copper  has  a  surface  resis¬ 
tance  of  12  mfi;  and  a  slowly-vary¬ 
ing  temperature  dependence  of  Rs 
in  the  vicinity  of  77*K  A  priori  con¬ 
cerns  that  77*K  is  too  close  to  the  Tc 
of  YBCO  for  stable  device  operation 
appear  to  be  resolved. 

Conventional  models  for  the  elec¬ 
tronic  structure  of  superconductors 
predict  that  R,  should  decrease  by 


several  orders  of  magnitude  as  the 
temperature  is  reduced  from  77“K  to 
4.2‘K.  It  has  been  indicated  that  the 
behavior  of  R*  of  YBCO  films  at  77®K 
is  similar  to  conventional  supercon¬ 
ductors,  such  as  Nb  (Tc  =  9.2^,  and 
that  further  improvements  in  R*  at 
77T<  should  be  incremental.^  How¬ 
ever,  at  lower  temperatures  there  is 
a  substantial,  temperature-inde¬ 
pendent.  residual  loss  from  an  uni¬ 
dentified  mechanism. 


Table  3  shows  a  comparison  be¬ 
tween  representative  values  of  the 
surfece  resistance  of  YBCO  films 
and  superconducting  niobium 
measur^  at  4.2°K.  To  permit  a  com¬ 
parison  of  measurements  at  differ¬ 
ent  frequencies  to  be  made,  it  was 
assumed  that  R*  scales  with  fre¬ 
quency  as  f.  A  straightforward  in¬ 
terpretation  of  the  data  in  Table  3  is 
that  the  best  YBCO  films  made  by 
different  techniques  and  at  different 


laboratories  have  a  value  of  Rs  at 
4.2*K  within  a  factor  of  two  of  R,  for 
Nb  at  4,2*K.  In  this  interpretation,  the 
variation  in  the  magnitude  of  R*  from 
one  laboratory  to  another  must  be 
due  to  differences  in  calibration  of 
the  measurement  techniques.  A 
second  interpretation  of  Table  3  is 
that  the  measurement  techniques 
used  in  most  laboratories  lack  the 
sensitivity  necessary  to  measure  the 
low  Rs  of  either  Nb  or  YBCO  at  4.2“K. 
The  correct  interpretation  could  be 
determined  if,  for  every  technique 
used  to  measure  Rs,  a  verification  of 
sensitivity  was  made  by  cooling  Nb 
below  4.2*K  and  observing  a  higher 
Q  than  obtained  at  4.2*K 
Rgure  4  and  Table  3  lead  to  sev¬ 
eral  important  conclusions.  Either 
the  mechanism  responsible  for  the 
residual  resistance  of  YBCO  is  com¬ 
mon  to  films  made  by  all  techniques 
and  is  independent  of  which  film 
surface  is  being  measured  (free  sur¬ 
face  or  interface  with  the  substrate), 
or  sputtered  films  with  uniquely  low 
residual  losses^  have  a  distinct  ad¬ 
vantage  over  laser  ablated  or  evap¬ 
orated  films.  The  magnitude  of  the 
surface  resistance  at  10  GHz  and  T 


«Tc  is  at  least  an  order  of  mag¬ 
nitude  lower  than  that  of  Cu.  Since 
R,  for  a  normal  metal  increases  with 
frequency  as  the  square  root  of  f 
and  for  a  superconductor  as  f^,  the 
state  of  the  art  represents  a  tremen¬ 
dous  improvement  over  Cu  for 
f « 10  GHz  and  little  improvement 
for  f » 1 0  GHz.  Whether  or  not  the 
current  YBCO  film  technology  is 
sufficient  to  satisfy  the  requirements 
of  a  particular  application  depends 
not  only  on  how  high  Q  must  be,  but 
also  on  the  operating  frequency  of 
a  particular  application.  In  regard  to 
the  previous  discussion  of  sub¬ 
strates.  all  of  the  results  in  Table  3 
were  obtained  for  films  grown  on 
perovskite  substrates  with  a  close 
lattice  match  to  YBCO. 

Remaining  Materials  issues 
Since  several  film  deposition 
techniques  give  comparable  DC 
and  RF  YBCO  film  properties,  an 
additional  set  of  material  require¬ 
ments  can  be  used  to  determine  a 
preferred  technique.  The  require¬ 
ments  include  surface  smoothness, 
integration  with  other  deposited  lay¬ 
ers  and  scaling  to  large  areas. 


These  issues  have  been  addressed 
partially  for  the  techniques  of  sput¬ 
tering,  co-evaporation  and  laser  ab¬ 
lation.  Surface  smoothness  has  the 
greatest  impact  on  laser  ablation 
since  YBCO  particles  can  be  eject¬ 
ed  from  the  target  and  deposit^  on 
the  substrate.  Sputtering  has  pro¬ 
duced  uniform  YBCO  films  over 
substrate  areas  as  large  as  2"  in 
diameter.^^'^^  More  recently,  laser 
ablation  has  been  used  to  deposit 
films  on  a  comparable  area  by  ras- 
tering  the  laser  beam  position'on  the 
substrate. 

Integration  of  HTS  films  with  epi¬ 
taxial  deposited  dielectrics  is  impor¬ 
tant  for  crossovers  and  compact  mi¬ 
crostrip  transmission  and  delay 
lines.  The  same  insulators  that  have 
been  used  successfully  as  sub¬ 
strates  and  buffer  layers  on  sapphire 
are  the  best  candidates  for  dielect¬ 
rics  deposited  between  YBCO  film 
layers.  Epitaxial  trilayers  consisting 
of  YBCO  films  separated  by  depos¬ 
ited  SrTiOa.^  MgO,  and  LaAlOa*^ 
have  been  demonstrated,  although 
SrTiOa  is  useful  only  for  low  fre¬ 
quency  applications. 

[Continued  on  page  113] 
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Another  material  requirement  list¬ 
ed  in  Table  1  that  has  been  ad¬ 
dressed  recently  is  growth  of  as- 
deposited  crystalline  films  on  both 
sides  of  a  substrate.  In  the  case  of 
YBCO  growth  on  sapphire,  the  op¬ 
timum  growth  temperature  falls  in  a 
range  of  IS'C.  Temperature  profiles 
that  are  uniform  to  this  extent  have 
to  be  obtained  on  a  thermally-float¬ 
ing  substrate  that  is  maintained  at 
650  to  700°C  by  radiation  rather  than 
conduction.  An  unresolved  issue  is 
whether  epitaxial  multilayers  must 
be  formed  in  situ.  Although  epitaxial 
dielectric  films  will  grow  on  YBCO 
underlayers  that  have  been  pat¬ 
terned,  it  is  unknown  whether  the  RF 
properties  of  either  the  supercon¬ 
ductor  or  the  insulating  film  are  de¬ 
graded  compared  to  in-situ  febrica- 
tion. 

Conclusion 

Many  of  the  requirements  for  RF 
applications  using  HTS  films  are  at¬ 
tained  by  state-of-the-art  YBCO 
films.  At  all  frequencies  up  to 
mm-waves,  and  temperatures  ex¬ 
tending  to  within  a  few  degrees  of 
Tc,  the  surface  resistance  is  much 
lower  than  that  of  normal  metals. 
LaAlOa  is  a  suitable  substrate  for  all 
but  the  highest-Q  applications  and 
those  requiring  wafer  areas  greater 
than  2"  in  diameter. 
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The  role  of  microstructure  on  flux  pinning  in  c-axis-oriented  epitaxial  YBajCusO;,  films  grown  on 
LaA103  and  SrT103  has  been  studied.  For  a  magnetic  field  parallel  to  the  Cu-O  planes,  the  resistivity 
and  critical  current  density  have  been  measured  as  a  function  of  the  angle  6  between  the  applied  field 
and  the  direction  of  the  transport  current.  In  addition  to  a  Lorentz-force-independent  resistivity,  the 
Lorentz-force-dependent  component  showed  several  broad  deviations  from  sin^d  when  a  field  was 
aligned  parallel  to  certain  microstructural  features  which  vary  with  the  film  thickness  and  substrate  ma¬ 
terial.  These  features  were  identified  by  transmission-electron-microscopy  analysis.  For  films  of  5000  A 
thickness  on  LaA103,  resistivity  dips  were  observed  for  a  field  applied  parallel  to  the  substrate  twin  boun¬ 
daries  or  along  misoriented  o-axis  grains.  In  thinner  films  of  900  A  thickness  also  on  LaA103  in  which 
a-axis  grains  were  negligible,  we  observed  dips  corresponding  to  the  orientation  of  substrate  twin  boun¬ 
daries  only.  For  thin  films  on  SrTi03  in  which  substrate  twins  are  absent,  resistivity  dips  corresponding 
to  the  direction  of  twin  boundaries  in  the  film  and,  perhaps,  interfacial  dislocations  were  observed. 
Overall,  such  dips  decreased  with  increasing  transport  current  density  and  became  negligible  in  Jc  mea¬ 
surements. 


L  INTRODUCTION 


High-temperature  superconductors  (HTS’s)  exhibit 
unusually  large  magnetic-field-induced  broadening  of 
their  resistive  transitions,  which  generally  increase  with 
the  anisotropy. With  the  applied  field  H  parallel  to 
the  superconducting  Cu-O  layers  (H||a),  the  broadening 
is  not  as  large  due  to  the  anticipated  intrinsic  pinning  of 
the  insulating  (or  normal)  region  between  layers.*’^  In 
highly  anisotropic  HTS’s,  such  as  Bi2Sr2CaCu20;,  (Ref.  6) 
and  Tl2Ba2CiCu20,  (Refs.  2,7),  Lorentz-force- 
independent  resistive  transitions  were  observed  and  an 
explanation  other  than  flux  motion  has  been  proposed.^ 
However,  for  less  anisotropic  YBa2Cu30,,  intrinsic  pin¬ 
ning  is  smaller  due  to  the  shorter  interlayer  spacing  and 
the  conducting  Cu-O  chains  between  superconducting 
Cu-O  double  layers.  In  this  material,  a  Lorentz-force- 
induced  flux  flow  resistivity  which  varies  as  sin^d  has 
been  observed  in  high-quality  single  crystals,*  ^here  6  is 
the  angle  between  the  direction  of  the  transport  current 
and  magnetic  field.  Moreover,  when  a  magnetic  field  is 
aligned  parallel  to  the  twin  boundaries,  a  sharp  drop  in 
resistivity  was  found  at  the  foot  of  the  transition,  indicat¬ 
ing  substantial  flux  pinning  by  twin  boundaries.*  Magne¬ 
tization  measurements  also  show  a  similar  effect  of  flux 
pinning  by  twin  boundaries.^' larger  magnetization- 
hysteresis  loop  was  observed  for  fields  parallel  to  twin 
boundaries  than  perpendicular  to  the  boundaries.*  In  thin 
films,  flux  pinning  is  more  complex  mainly  due  to  the 
presence  of  the  substrates.  lye  et  al."-'^  measured  the 
angular-dependent  resistivity  in  epitaxial  YBa2CU]0, 


filirn;  and  observed  four  broad  dips  which  were  attributed 
to  the  Lorentz-force  effect  and  the  ah-plane  anisotropy 
averaged  over  twin  domains. 

In  this  paper,  angular-dependent  transport  studies  of 
high-quality  epitaxial  YBa2Cu302  films  are  reported. 
Resistivity  and  critical-current  density  for  H||a  as  a  func¬ 
tion  of  angle  0  were  measured.  Several  dips  are  observed 
in  the  angular-dependent  flux  flow  resistivity.  In  order  to 
clarify  the  origins  of  the  deviation  from  flux  flow  resistivi¬ 
ty,  transmission  electron  microscopy  (TEM)  was  per¬ 
formed  on  samples  prepared  from  the  same  ba,ch.  The 
relative  orientations  of  the  microstrip  as  well  as  various 
microstructural  features  with  respect  to  the  substrate 
were  determined  by  TEM  and  electron  diffraction  to 
correlate  with  the  angle  6  between  current  and  field  at 
which  the  dips  in  resistivity  were  observed.  Several  dips 
were  observed  similar  to  the  previous  works  of  lye 
et  a/.,  but  we  interpret  the  origin  of  dips  as  a  pinning 
effect  due  to  the  microstructure  in  the  films  based  on 
TEM  rather  than  due  to  the  ah-plane  anisotropy.  For 
films  of  5000  A  thickness  on  LaA103,  four  resistivity  dips 
were  observed  in  one  period  for  a  field  applied  parallel  to 
substrate  twin  boundaries  or  alonp  misoriented  a-axis 
grains.  In  thinner  films  of  900  A  thickness  also  on 
LaA103  in  which  a-axis  grains  were  negligible,  we  ob¬ 
served  only  two  dips,  corresponding  to  the  orientation  of 
substrate  twin  boundaries.  For  thin  films  on  SrTi03  in 
which  substrate  twins  are  absent,  resistivity  dips  corre¬ 
sponding  to  the  direction  of  twin  boundaries  in  the  film 
and,  perhaps,  interfacial  dislocations  were  observed. 
Such  pinning  effects  became  weaker  as  the  temperature 
or  transport  current  was  increased. 
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II.  EXPERIMENT 

Films  on  YBa^CujO;,  were  grown  in  situ  by  dc  magne¬ 
tron  sputtering  from  a  stoichiometric  target  onto  LaAlOj 
(100)  and  SrTi03  (100)  substrates.  TEM  showed  that 
films  are  epitaxial  and  c-axis  oriented.  All  of  the  films 
studied  here  exhibit  vanishing  zero-field  resistance 
around  r^  =  88-89  K.  The  samples  were  patterned  to 
form  a  6-25  fixn  wide  strip  with  conventional  photol¬ 
ithography  and  ion  milling.  Gold  was  sputtered  on  the 
current  and  voltage  pads  to  reduce  the  contact  resistance. 
The  typical  distance  between  the  voltage  probes  was  0.1 
cm,  thus  we  are  measuring  an  averaged  effect  of  the  mi- 
crostructures.  Samples  are  placed  in  the  rotating  holder 
so  that  we  can  vary  the  angle  d  with  1*  resolution  in  the 
ab  plane.  At  every  6  position,  samples  are  tilted  back 
and  forth  slightly  in  the  ac  plane  to  find  the  minimum 
resistance.  In  this  manner,  the  angular  resolution 
achieved  for  the  ac  plane  is  much  better  than  the  full 
width  at  half  maximum  of  the  rocking  curve  (0. 4*-0. 5°). 

Conventional  techniques  were  used  to  prepare  planar 
and  cross-section  samples  for  TEM.  After  grinding  and 
dimpling,  the  samples  were  ion  milled  using  4  kV  Ar  with 
a  low  beam  current  while  maintaining  at  liquid  nitrogen 
temperatures  to  minimize  damage  to  the  films.  The  sam¬ 
ples  were  imaged  in  a  Philips  CM-30  operating  at  either 
100  or  300  kV.  Among  five  samples  of  YBa2Cu30,  films 
studied,  the  characteristics  of  three  representative  films 
are  listed  in  Table  I.  The  other  two  showed  almost  iden¬ 
tical  behavior  to  samples  2  and  3. 

nL  RESULTS  AND  DISCUSSION 

Figure  I  shows  the  resistive  transition  of  a  5(X)0  A 
YBa2Cu30^  film  on  LaA103  in  zero  field  and  4  T  for 
fields  parallel  to  the  current  (H||I)  and  for  fields  perpen¬ 
dicular  to  the  current  (Hil).  The  inset  shows  the  same 
transition  plotted  on  a  semilogarithmic  scale.  A  slight 
double  transition  in  zero  field  was  usually  observed  in  ail 
samples  grown  on  LaA103  substrates  but  vanishes  in 
finite  fields  ( >  1  T).  The  Lx)rentz-force-dependent  com¬ 
ponent  is  clearly  observed  in  the  4  T  field  with  a  large 
Lorentz-force-independent  background.  This  back¬ 
ground  broadening  could  be  due  to  a  mechanism  other 
than  flux-flow-induced  dissipation^''^  and  is  subject  to  fu¬ 
ture  study.  In  this  work,  only  the  Lorentz-force- 
dependent  part  will  be  considered. 

The  angular-dependent  resistivity  at  90.5  K  and  4  T 


TABLE  1.  The  characteristics  of  the  three  representative 
YBa2CU]0,  fUnis  are  listed.  was  determined  using  a  2 
fiV/cm  criterion.  Samples  2  and  3  were  grown  from  the  '.  me 
batch. 


Sample 

Substrate 

Thickness 

(A) 

Width 
of  strip 
(|xm) 

T. 

(K) 

J,  at  77  K 
and  0  T 
(A/cm^) 

1 

UA10}(  100) 

5000 

25 

89.2 

l.OXIO* 

2 

LaA10,(  100) 

900 

13 

87.8 

2.3X10* 

3 

SrTiOjI  100) 

900 

6 

89.4 

4.1X10* 

T  (K) 


FIG.  1.  Resistive  transitions  of  sample  1  in  0  and  4  T  fields 
are  shown  for  Hll  and  H||I.  A  small  Lorentz-force-dependent 
component  with  a  large  background  broadening  can  be  seen. 
Inset  shows  the  same  transition  on  a  semilogarithmic  scale. 


with  a  measuring  current  density  of  80  A/cm^  is  shown 
as  circles  in  Fig.  2(a).  A  simple  flux  flow  model  predicts 
a  sin^d  dependence  with  a  maximum  resistivity  at  Hll, 
shown  as  a  soUd  line  in  Fig.  2(a),  but  data  show  addition¬ 
al  four  dips  separated  by  45*  in  one  period.  Deviation 
from  an  ideal  flux  flow  resistivity,  Apj,  is  also  plotted  in 
Fig.  2(a)  (diamonds)  and  four  dips  are  seen  more  clearly. 
At  a  lower  temperature,  87.9  K,  the  magnitudes  of  the 
dips  increases  [Fig.  2(b)]  but  a  large  transport  current 
density  of  8000  A/cm^  significantly  reduces  the  magni¬ 
tude  as  shown  in  Fig.  2(c).  This  temperature-  and 
current-dependent  behavior  suggests  that  the  resistivity 
drop  is  due  to  the  flux  pinning  effect.  Such  dips  are  no 
longer  observable  in  measurements  [Fig.  2(d)],  but  a 
slight  asymmetry  is  observed  which  is  reminiscent  of  the 
dips.  It  is  worthwhile  to  note  that  a  similar  measure¬ 
ment  in  the  low-T^  material'^  showed  an  in-plane  anisot¬ 
ropy  of  greater  than  20  with  a  sin~'0  dependence  except 
near  0=0*,  consistent  with  the  Lorentz-force-induced 
dissipation.  In  this  work,  anisotropy  was  found  to  be 
about  3  or  less,  considerably  smaller  than  that  in  Ref.  14, 
and  it  decreased  slightly  at  low  temperatures  and  fields. 
In  addition,  a  sin  ~  '0  dependence  was  observed  only  near 
0=90*.  This  behavior  suggests  that  a  mechanism  other 
than  flux-flow-induced  dissipation  limits  over  a  sub¬ 
stantial  region  around  0=0*. 

A  typical  TEM  micrograph  of  a  planar  section  of  sam¬ 
ple  1  is  shown  in  Fig.  3(a).  Nee^e-shaped  crystallites 
marked  A  are  a-axis-oriented  grains,  while  larger  parti¬ 
cles  marked  B  are  CuO,  as  identified  by  EDS  and  electron 
diffraction.  Figure  3(b)  shows  a  higher  magnification  im¬ 
age  of  a  misoriented  grain  in  which  c-axis  fringes  can  be 
clearly  seen.  Electron  diffraction  showed  that  these  parti¬ 
cles  are  oriented  along  either  a  or  b  axis  of  the  c-axis- 
oriented  background,  so  that  these  grains  are  aligned 
with  the  principal  axes  of  the  substrate.  Epitaxial  forma¬ 
tion  at  the  substrate  and  film  boundaries  can  be  seen  in 
Fig.  4(a)  in  the  cross-sectional  TEM  micrograph.  The  a- 
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FIG.  2.  (a)  Angular-dependent  resistivity  of  sample  I  at  90.S  K  and  4  T  with  a  measuring  current  density  of  80  A/cm^  is  shown  as 
circles.  Solid  lines  are  a  sin^d  fit  and  dotted  lines  are  a  guide  to  the  eye.  Deviation  from  ideal  flux  flow  resistivity,  Apg,  is  also  plotted 
as  diamonds  and  four  dips  separated  by  4S*  are  clearly  seen,  (b)  Resistivity  dips  develop  sharply  at  87.9  K.  Field  and  measuring 
current  density  are  the  same  as  (a),  (c)  At  the  same  condition  as  (b),  but  a  large  transport  current  density  of  8000  A/cm^  reduces  the 
magnitude  of  the  dips,  (d)  The  measurement  at  70.8  K  shows  hardly  any  dip. 


axis  grains  nucleate  only  beyond  a  certain  film  thickness 
of  the  order  of  a  few  hundred  angstroms,  not  directly 
from  the  substrate  as  shown  in  Fig.  4(b). 

LaAlOj  substrates  become  heavily  twinned  during  the 
cool-down  process  after  the  in  situ  growth  of  films  and 
these  twin  boundaries  are  oriented  4S*  from  the  principal 
axis,  thus  any  twin  boundaries  in  YBa2Cu30jc  films  would 
be  parallel  to  the  substrate  twin  boundaries.  However,  it 
was  not  clear  whether  this  film  is  twinned  or  not.  In 
some  plane-section  images,  evidence  of  twinning  is  ob¬ 
served,  but  selected  area  diffraction  patterns  do  not  show 
the  typical  spot  splitting  associated  with  twins  in 
YBa2Cu30;c.  Additionally,  the  structure  resembling 
twins  is  observed  only  when  the  underlying  substrate  is 
also  present.  In  regions  that  have  been  thinned  so  that  no 
substrate  remains,  this  twin  structure  is  absent.  One 
might  argue  that  the  absence  of  twins  in  the  free-standing 
part  of  the  film  is  due  to  untwinning  durihg  sample 
preparation  such  as  !on  milling,  but  the  samples  were 
kept  at  77  K  during  ion  milling  so  that  the  resulting  local 
heating  is  not  sufficient  enough  to  untwin  the  film.  Simi- 
la:  !y  prepared  specimen  of  the  single  crystals  and  films  on 
SrTi03  showed  no  such  untwinning  effect.  Thus,  it  is 
considered  that  this  film  is  free  of  twins,  but  that  the 
presence  of  substrate  twins  induces  a  change  in  the  direc¬ 
tion  of  strain  associated  with  the  slight  misfit  between 
YBa2Cu30;,  and  LaAlOj. 

There  is  a  correlation  between  the  orientation  of  each 
of  the  microstructural  features  with  resistivity  drops. 
The  relatively  broader  dips  at  65*  and  155*  in  Fig.  2  cor¬ 
respond  to  the  substrate  twin  boundary  orientations.  The 
resistivity  drop  for  a  field  parallel  to  the  substrate  twin 


boundaries  may  be  due  to  flux  pinning  by  undetermined 
microstructural  features  in  the  sample  induced  by  strain 
associated  with  the  substrate  twins.  The  other  dips  at  20° 
and  110*  correspond  to  the  directions  along  the  needle 
shape  of  the  a-axis-oriented  particles.  There  are  two  pos¬ 
sibilities  for  these  two  dips:  flux  pinning  at  the  boun¬ 
daries  between  the  misoriented  crystal  and  the  back¬ 
ground  material  or  the  resistivity  anisotropy  between 
H||c  and  H||a  of  the  a-axis  grains.  In  the  latter  case,  the 
resistivity  contribution  from  the  a-axis  grain  is  minimum 
when  the  field  is  aligned  parallel  to  the  Cu-O  planes  of 
the  a-axis  grains.  Then  the  magnitude  of  the  dip  should 
be  roughly  the  product  of  the  volume  occupied  by  a-axis 
grains  and  the  resistivity  difference  between  H||c  and 
H||a.  The  volume  of  a-axis  grains  was  estimated  from 
TEM  micrographs  and  the  resistivity  difference  at  the 
corresponding  temperatures  was  measured.  It  was  found 
that  about  30%  of  the  resistivity  drop  can  be  accounted 
for  on  this  basis.  This  suggests  that  other  mechanism  of 
pinning,  perhaps  due  to  a  a-axis  grain  boundaries  or  some 
other  features,  are  dominant. 

lye  et  explained  the  dips  for  the  field  along  the 

a  or  h  axis  (in  this  case,  along  the  a-axis  grains)  as  a  result 
of  the  ah-plane  anisotropy  averaged  over  twin  domains. 
However,  the  measurements  on  the  twinned  single  crys¬ 
tals^  did  not  show  any  dips  associated  with  the  ah-plane 
anisotropy,  and  recent  magnetic  measurements  on  the 
untwinned  single  crystals  showed  no  significant  ah-plane 
anisotropy  in  the  lower”  and  upper  critical  fields.”  The 
ah-plane  resistivity  anisotropy  of  the  untwinned  single 
crystals  for  magnetic  fields  parallel  to  the  Cu-O  planes 
has  not  been  reported  to  our  knowledge. 
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Since  the  a-axis-oriented  grains  start  to  grow  only 
beyond  a  certain  film  thickness  [Fig.  4(b)],  the  effect  of 
the  misoriented  grains  can  be  reduced  by  growing  thinner 
films.  The  resistive  transitions  for  a  900-A-thick  film  on 
LaAlOj  (sample  2)  in  0  and  4  T  fields  for  H||I  and  Hil 
are  shown  in  Fig.  S  on  a  linear  and  logarithmic  scale. 
Measurements  of  resistivity  as  a  function  of  angle  Q  at 
88.0  K  display  an  ideal  flux  flow  resistivity  as  shown  in 
Fig.  6(a)  for  a  measuring  current  density  of  160  A/cm^. 
This  temperature  is  approximately  equivalent  to  90.5  K 
in  the  thicker  film  of  sample  1  where  resistivity  dips  due 
to  microstructural  features  were  observed.  It  implies  that 
defect  structures,  such  as  a-axis-oriented  grains,  grow 
with  film  thickness  and  so  does  the  pinning  effect.  At  a 


lower  temperature,  86.7  K,  only  two  dips  at  53°  and  143° 
corresponding  to  the  orientation  of  the  substrate  twin 
boundaries  are  evident  as  shown  in  Fig.  6(b).  The  dips  re¬ 
sulting  from  the  misoriented  particles  are  negligible  as  ex¬ 
pected.  This  result  is  consistent  with  the  absence  of  a- 
axis  grains  as  confirmed  by  TEM  of  a  film  cross  section. 
Similar  measurements  on  a  15(X>-A-thick  film  on  LaA103 
also  showed  only  two  dips  corresponding  to  a-axis  grains. 
At  higher  transport  current  densities,  reduction  of  the 
dips  has  been  observed  similar  to  the  case  of  sample  1, 
and  the  critical-current  density  at  77  K  showed  no  dips  at 
all.  This  behavior  suggests  that  these  microscopic  struc¬ 
tures  are  not  effective  pinning  centers  for  high  current 
applications,  and  more  uniformly  distributed  pinning 
centers,  such  as  oxygen  vacancies  and  dislocations,  could 
be  more  effective  at  low  temperatures. 


FIG.  3.  (a)  Bright-field  electron  micrograph  of  a  planar  sec¬ 
tion  of  YBajCUjO,  on  LaAlOj.  The  needle-shaped  crystallites 
marked  A  are  a-axis-oriented  grains,  and  the  larger  particles 
marked  B  are  CuO.  (b)  Higher  magnification  image  of  the  same 
plane  section  showing  an  a-axis-oriented  particle.  Electron 
diffraction  pattern  shows  the  c  axis  of  this  particle  to  be  parallel 
to  the  a  or  6  axis  of  the  matrix  grain. 


FIG.  4.  (a)  Bright-field  electron  micrograph  of  a  cross  section 
of  the  film  showing  epitaxial  growth  of  a  film  near  the  substrate, 
(b)  Low  magnification  image  of  the  cross  section  showing  a-axis 
grains  which  nocleate  only  when  the  film  has  reached  a 
minimum  thickness. 
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FIG.  5.  Resistive  transitions  of  sample  2  in  0  and  4  T  fields 
are  shown  for  Hil  and  H||I. 


FIG.  7.  Resistive  transitions  of  sample  3  in  0  and  8  T  fields 
are  shown  for  Hll  and  H||I. 


So  far,  the  discussion  has  been  limited  to  samples 
grown  on  LaA103  where  substrate  twin  boundaries  play 
an  important  role  in  flux  pinning  for  small  transport 
currents  (typically  J  <  10^  A/cm^).  On  the  other  hand, 
SrTi03  does  not  form  any  twin  structure,  thus  it  is  in¬ 
teresting  to  study  films  grown  on  this  substrate  for  com¬ 
parison.  We  have  measured  two  samples  on  SrTi03  from 
the  same  batch  as  sample  2,  and  they  exhibit  almost  iden¬ 
tical  behavior.  Figure  7  shows  raistive  transitions  in  0 
and  8  T  fields  for  sample  3  of  900  A  thickness. 


FIG.  6.  Angular-dependent  resistivities  of  sample  2  at  (a) 
88.0  K  and  (b)  86.7  K  for  a  4  T  field  with  a  measuring  current 
density  of  160  A/cm^  are  shown  as  circles.  Ideal  flux  flow  resis¬ 
tivity  was  observed  at  88.0  K.  At  86.7  K,  two  dips  separated  by 
90*  were  observed.  Apn  are  plotted  as  diamonds  in  (b). 


The  angular  dependence  of  the  resistivity  at  88.3  K  for 
8  T  with  a  measuring  current  density  of  270  A/cm^  is 
shown  in  Fig.  8(a),  and  an  ideal  flux  flow  resistivity  is  ob¬ 
served.  At  86.3  K,  three  dips  develop  in  one  period  as 
shown  in  Fig.  8(b).  At  higher  transport  current  densities, 
reduction  of  the  dips  has  been  observed,  similar  to  the 
case  of  samples  1  and  2.  The  critical-current  density  at 
low  temperatures  showed  no  structure  at  all.  The  TEM 
plane  section  (Fig.  9)  shows  twin  boundaries  in  the  sam¬ 
ple,  and  electron  diffraction  indicates  that  the  twin  boun- 


e  (deg) 


FIG.  8.  Angular-dependent  resistivities  of  sample  3  at  (a) 
88.3  K  and  (b)  86.3  K  for  an  8  T  field  with  a  measuring  current 
density  of  270  A/cm^  are  shown  as  circles.  Ideal  flux  flow  resis¬ 
tivity  was  observed  at  88.3  K.  At  86.7  K,  three  dips  were  ob¬ 
served  in  one  period.  Apn  are  plotted  as  diamonds  in  (b). 
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daries  are  along  the  [1 10]  direction  of  the  SrTi03,  which 
is  expected  to  be  due  to  the  epitaxial  relationship  between 
YBa2Cu30j,  and  SrTi03.  Since  the  microstrip  is  pat¬ 
terned  along  the  [100]  direction  of  the  substrates,  the  dips 
at  ±45°  correspond  to  the  twin  boundary  direction  of  the 
film.  The  resistivity  drop  may  be  due  to  the  twin  bound¬ 
ary  pinning  effect.  The  relatively  broad  dips  compared  to 
those  of  the  single-crystal  work*  suggest  that  the  orienta¬ 
tions  of  the  twin  boundaries  throughout  the  sample  have 
a  certain  angular  distribution  ( ~±10°),  but  strain  associ¬ 
ated  with  the  slight  misfit  between  YBa2Cu30j,  and 
SrTi03  could  be  responsible  for  the  broader  dips. 

It  is  interesting  to  note  that  the  relative  resistivity 
drops  due  to  the  twin  boundaries  in  the  films  are  notice¬ 
ably  smaller  and  narrower  than  the  corresponding  drops 
at  the  same  angular  positions  in  sample  2  on  LaA103 
grown  from  the  same  batch.  This  suggests  that  the 
effects  of  certain  microstructural  features  induced  by  the 
substrate  twins  are  dominant  over  the  pinning  effect  of 
the  intrinsic  twin  boundaries  in  YBa2Cu30^  thin  films. 

The  dips  at  ±90°  could  be  due  to  a-axis-oriented  grains. 
Although  no  evidence  of  a-axis  grains  was  observed  in 
TEM  cross  sections,  plane-section  TEM  revealed  very 
small  a-axis  grains,  and  some  of  these  are  indicated  by  ar¬ 
rows  in^  Fig.  9.  Since  these  grains  are  quite  small 
( « 100  A),  the  overall  effective  volumes  or  surfaces  are 
negligible.  Furthermore,  the  effect  of  these  grains  was 
negligible  in  transport  measurements  of  sample  2  from 


the  same  batch.  Another  possible  origin  of  these  dips 
could  be  the  flux  pinning  along  dislocations.  A  high  den¬ 
sity  of  interfacial  dislocations  typically  oriented  along  the 
[100]  and  [010]  directions  of  SrTi03  was  observed.  The 
dislocations  were  observed  to  be  unique  to  films  grown  on 
SrTi03.  However,  we  do  not  have  further  evidence  to 
directly  correlate  the  dips  at  ±90*  to  the  flux  pinning  at 
the  dislocations.  Both  of  these  mechanisms  predict  a  dip 
at  every  90°,  so  a  dip  is  expected  at  0°.  However,  because 
the  macroscopic  Lorentz  force  vanishes  for  H||I,  no  such 
dips  are  observable  except  a  small  glitch  at  0*. 

Finally,  the  double  transition  observed  in  films  on 
LaA103  in  small  fields  ( <  1  T)  indicates  a  variation  in 
the  sample,  and  it  is  very  likely  that  a  part  of  the  film 
along  the  substrate  twin  boundaries  may  have  a  different 
from  the  rest  of  the  film  due  to  the  induced  micros¬ 
tructural  features.  The  absence  of  the  double  transition 
in  films  on  SrTi03  is  consistent  with  this  speculation.  A 
detailed  study  of  the  influence  of  the  substrate  twin  boun¬ 
daries  of  LaA103  on  the  microstructures  is  under  way. 

IV.  SUMMARY 

We  have  measured  resistivity  and  critical-current  den¬ 
sity  as  a  function  of  angle  between  the  applied  field  and 
the  direction  of  transport  current  for  fields  parallel  to  the 
Cu-O  layers  in  high-quality  epitaxial  YBa2Cu30;t  films. 
Several  dips  were  observed  in  the  angular-dependent  flux 


FIG.  9.  Bright-field  electron  micrograph  of  a  planar  section  of  YBa,Cu,0,  on  SrTiOj  showing  a  twinned  structure.  Some  a-axis 
grains  are  indicated  by  arrows. 
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flow  resistivity.  TEM  samples  were  prepared  to  investi¬ 
gate  the  origins  of  the  deviation  from  flux  flow  resistivity. 
For  thick  films  (5000  A)  on  LaA103,  resistivity  dips  are 
observed  when  a  field  is  aligned  parallel  to  substrate  twin 
boundaries  or  along  the  a-axis  grains.  In  thinner  films 
(900  A)  in  which  a-axis  grains  were  negligible,  only  two 
dips  were  observed,  corresponding  to  the  orientation  of 
substrate  twin  boundaries.  The  resistivity  drop  for  a  field 
parallel  to  the  substrate  twin  boundary  may  be  due  to 
flux  pinning  by  undetermined  microstructural  features  in 
the  sample  induced  by  strain  associated  with  the  sub¬ 
strate  twins.  For  fields  along  the  a-axis  grains,  flux  pin¬ 
ning  at  the  grain  boundaries  and/or  resistivity  anisotropy 
between  H||c  and  H(|a  can  be  responsible  for  resistivity 
dips. 

Meanwhile,  for  films  grown  on  SrTiOj,  twin  structures 
in  the  film  were  observed  in  TEM,  and  the  pinning  effect 
due  to  the  twin  boundaries  was  also  observed  in  the 
angular-dependent  flux  flow  resistivity.  In  addition,  a 


pinning  effect  due  to  the  other  microstructural  features, 
perhaps  interfacial  dislocations,  was  observed  in  films 
grown  on  SrTi03.  Overall,  such  pinning  effects  weaken 
as  the  transport  current  increases  and  become  at  most  a 
perturbation  in  high-current  applications. 
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We  studied  the  influence  of  elastic  stress  along  the  ab  plane  (0,4)  on  the  critical  current  density  iJ^) 
and  transition  temperature  (T, )  of  epitaxial  c-axis-oriented  YBa}CU]07  thin  Aims.  We  observed  reversi¬ 
ble  and  reproducible  increases  (with  compression)  and  decreases  (with  extension)  of  and  7,  from  their 
equilibrium  values.  By  comparing  dr, /do'„4  =0.045-0.050  KAbar  v.-ith  the  results  of  hydrostatic- 
pressure  and  thermodynamic  experiments  reported  in  the  literature,  we  conclude  that  pressure-induced 
changes  in  the  ab  plane  completely  account  for  the  changes  in  (within  our  experimental  uncertainty). 

We  also  show  that  the  mismatch  strain  between  film  and  substrate  does  not  substantially  affect  the 
change  in  7,  caused  by  the  external  stress. 
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INTRODUCnON 

Continued  study  of  the  effect  of  pressure  (P)  on  the 
transition  temperature  (T^)  of  high-temperature  super¬ 
conductors  (HTSC)  is  important  to  our  understanding  of 
the  nature  of  superconductivity  in  these  materials.  In  ad¬ 
dition,  external  strain  (e)  can  affect  another  crucial 
characteristic  of  superconductors — the  critical  current 
density  (J^).  Thus,  deformation  effects  in  HTSC  is  an  im¬ 
portant  area  of  superconductivity  research.  The  basic 
measured  parameter  is,  as  a  rule,  the  pressure  derivative 
dT^/dP.  Most  data  were  obtained  by  studying  the  effect 
of  hydrostatic  compression  (P*)  on  HTSC  ceramics  and 
crystals.  The  results  vary,  but  most  fall  within  the  range 
=0.05-0. 12  K/kbar.’~^  Less  data  is  available 
.oertaining  to  c-axis  uniaxial  compression  (P,.),  and  even 
ihe  sign  of  dT^  /dP^  is  not  consistent.’’* 

In  this  paper,  we  present  and  discuss  observed  changes 
in  r,  and  with  compression  and  extension  along  the  ab 
plane  (parallel  to  the  Cu-O  planes)  in  the  absence  of 
Mtemal  stress  in  ♦he  c  direction.  These  conditions  are 
fcalized  by  bending  substrates  on  which  sputtered  epitax- 
'>1  thin  films  have  been  deposited  and  patterned.  Our 
preliminary  results  were  presented  previously.’  The 
effect  of  stress  along  the  substrate  plane  was  reported  ear- 
•erby  Park  et  al.*  for  polycrystalline  YBajCujOy  films 
AljOj  substrates.  They  attributed  the  interesting  and 
'“ttplex  behavior  of  their  films  to  the  effects  of  granulari- 
I  ®nd  inhomogeneity.  The  consistency  of  our  results, 
•"ong  several  films  on  different  substrates,  strongly  sug- 
that  our  observations  are  intrinsic  to  YBa2CU}07. 


MgO  substrates.  A  layer  of  Au  sputtered  onto  the  films 
in  situ  provided  low-resistance  contacts.  The  films  had 
midpoint  Tfs  of  87-89  K,  and  resistivities  at  7  =  1(X)  K, 
pdOO  K),  of  150-2(X)  or  250-200  fi£l  cm  for  LaA103  or 
MgO  substrates,  respectively.  p(7)  curves  and  I-V 
characteristics  (at  T  —  77  K)  were  measured  on  50-pm- 
wide  patterned  strips.  J,  was  determined  based  on  a 
threshold  criterion  of  2  pV/mm.  Conventional  four- 
terminal  configurations  were  used  for  both  the  I-V  and 
pi  T)  measurements. 

Strain  along  the  ab  plane  was  created  by  bending  the 
substrate  in  a  cantilevered  arrangement  (Fig.  1).  When  a 
force  if)  is  applied  to  the  end  of  the  substrate,  the  result¬ 
ing  strain[e„(x)]  is  given  by’ 


e.Ax)=F- 


6(/-x) 


Here,  /  is  the  length  of  the  substrate  between  the  clamp 
and  the  point  of  force  application,  x  is  the  distance  be¬ 
tween  the  clamp  and  the  film,  b  is  the  width  of  the  sub¬ 
strate,  and  is  the  flexural  modulus  (or  corresponding 
combination  of  the  elastic  constants)  of  the  substrate. 

For  an  epitaxial  film,  the  film’s  atoms  have  strong 
bonds  with  the  substrate,  so  that  substrate  and  film 
strains  are  identical.  In  a  cantilevered  experiment,  the 
stress  tensor  component  in  the  z  direction,  a^,  vanishes. 
In  our  experiment,  /  — x  s/  allows  a  simplification  of  Eq. 
(1),  and  also  implies  e^ySaO.  The  stress  along  the  ab 
plane,  ^ben  given  by 

_  6/  (c'li -f-Ci,  )cii  —  2cn 


EXPERIMENT 


Epitaxial  c-axis-oriented  thin  films  of  YBa2Cu307  were 
Posited  by  dc  magnetron  sputtering  from  a 
®'ohiometric  target  onto  rotating  (100)  La.M03  and 


Equation  (2)  is  obtained  from  Hooke’s  law  (ct,;^  =C, 
using  the  compact  notation  xx  — 1,  yy—^2,  zz—2  for 
components  of  the  elasticity  tensor)  and  Eq.  (I).  The 
cor.iponents  of  the  elasticity  tensor  (C,*/^)  of  an 
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FIG.  1.  The  arrangement  of  the  film  on  the  substrate  in  the 
bending  experiment.  I,  b,  and  h  are  the  length,  width,  and  thick¬ 
ness  of  the  substrate,  respectively. 


YBa2Cu307  crystal  as  determined  by  neutron  scattering 
are'°  c,,=274  GPa.  C|2  =  36.7  GPa,  Cj3  =  183  GPa,  and 
c, 3  =  61.3  GPa.  We  measured  the  values  of  £’  which 
control  the  flexural  modes  of  the  single  crystal  substrates 
directly  using  a  flexural  resonance  technique. “  For 
LaA103  and  MgO,  £’  =  250  and  300  GPa,  respectively. 
The  typical  dimensions  for  our  substrates  were 
(I,b,h)  =  {l0  mm,  6  mm,  0.5  mm).  The  strain  £„  did  not 
exceed  6X  10~^ 

Figure  2  shows  the  shift  of  piT)  with  extension  and 
compression.  The  values  of  the  derivative  as  determined 
from  A /Oa(,  for  different  samples  are 

dT 

- ^=0.045-0.050  K/kbar  . 

dcfab 

The  error  of  the  derivative  is  dominated  by  the  uncertain¬ 
ties  in  the  components  of  the  elasticity  tensor 
(15-20%),'°  and  is  estimated  to  be  30%. 

Figures  3  and  4  show  the  change  in  with  extension 
and  compression  for  films  on  LaAI03  and  MgO,  respec¬ 
tively.  The  insets  to  Figs.  3  and  4  present  the  stress 
dependence  of  J^.  The  critical  current  density  increases 
with  compression  along  the  ab  plane,  and  decreases  with 
extension.  The  shifts  in  both  and  7,  are  reversible  and 
reproducible. 


T  'Ki 
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FIG.  2.  Resisdviiy  vs  temperature  of  YBa.CujO,  film  on 
LaAIO,  substrate,  shown  with  extension  and  with  compression. 
Film  thickness  =  1000  A. 


FIG.  3.  The  effect  of  stress  along  the  ab  plane  on  the  /-K 
characteristics  of  YBa2Cuj07  film  on  LaA103.  Film  thick- 
ness=  1000  A;  p(  100  K)=200/ifl  cm.  Inset:  the  dependence  of 
Jf  on  stress  >  0  is  compression;  <  0  is  extension). 


DISCUSSION 

The  experimental  results  described  above  show  that 
compression  along  the  ab  plane  leads  to  an  increase  in  T^, 
while  extension  along  this  plane  decreases  in 
YBa2Cu307  films.  The  results  clearly  indicate  a  direct 
correlation  between  changes  in  and  changes  in  intera¬ 
tomic  spacing  in  the  ab  plane.  A  correlation  has  been 
noted,  in  previous  work,'^  between  the  c  parameter  and 
Tf.  This  correlation  could  be  taken  to  suggest  that 


I  ,iO  1.75 


I  (m.Al  —  -» 

FIG  4.  The  effect  of  stress  along  the  ab  plane  on  the  I ^ 
characteristics  of  YBajCuiO,  film  on  MgO.  Film 
..  jss  =  ^(yi  4;  p(!00  K)  =  380pn  cm.  Inset:  the  dependence 
J,  on  stress  (a„4  >  0  is  compression;  a,,*  <  0  is  extension) 
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jijoges  in  c  parameter  cause  changes  in  .  Analysis  of 
jur  combined  with  thermodynamic  data  from  the 
Ijierature,  indicates  that  this  is  not  the  case,  as  discussed 
below. 

Another  result  is  the  increase  of  under  compression 
'  jnd  decrease  of  with  extension  (the  increase  of 
ij  thin  YBa2Cu307  films  under  hydrostatic  pressure  was 
^ported  in  Ref.  14).  The  value  is  the  critical 

current  density  without  deformation)  did  not  exceed 
several  percent.  The  behavior  of  Jc(<^ab^  turned  out  to  be 
similar  in  experiments  with  several  films  on  both  LaA103 
ind  MgO.  These  films  had  different  normal-state  resis¬ 
tivities,  and  critical  current  densities  which  differed  by 
two  orders  of  magnitude  (see,  for  example.  Figs.  3  and  4). 
fbe  similarity  in  their  behavior  cannot  be  readily  ex- 
;  plained  within  the  framework  of  “weak  link”  models.  It 
1  is  our  point  of  view  that  a  direct  connection  between  the 
I  changes  in  and  cannot  be  neglected  since  compres¬ 
sion  along  the  ab  plane  causes  both  to  increase  just  as  ex- 
!  tension  leads  to  their  decrease.  It  is  also  necessary  to 
i  consider  that  external  stress  tends  to  concentrate  near  de- 
I  fects  which  may  influence  the  pinning  force.  Thus,  the 
i  nature  of  the  reversible  change  in  7,  remains  unclear. 

We  can  compare  our  value  of  dT^/da^^  with  the  re¬ 
sults  of  hydrostatic  pressure  experiments  using  the  fact 
I  that  the  derivative  dT^  /dP^  is  obtained  by  summing  two 
i  contributions: 


dT,  _^dT,  ^  dT, 
dPh  dcTab 


I  where  is  stress  (or  pressure)  along  the  c  axis.  The 
■  value  calculated  from  our  experiments,  IdT^/dOg^ 
*0.09-0. 10  KAbar,  falls  well  within  the  range  reported 
from  hydrostatic  experiments  in  the  literature.  This  fact 
supports  the  conclusion  that  pressure-induced  changes  in 
interplanar  spacing  along  the  c  axis  do  not  contribute 
significantly  to  the  change  in  for  YBa2Cu307. 

Confirmation  of  this  statement  follows  by  considering 
both  our  results  and  the  experimental  results  of  thermo¬ 
dynamic  investigations.'’’**  From  the  generalization  of 
Ehrenfest’s  relation  for  second-order  phase  transitions,  it 
is  possible  to  write  the  following  equation: 


tsC/T, 


=  Ar 


(3) 


Here,  Aa,y  are  the  thermal  expansion  jumps  of  the  lattice 
«  T^,  ACp  is  the  jump  in  heat  capacity  at  T^,  a,j  are  the 
stress  tensor  components,  and  AT^,  is  the  stress-induced 
change  in  T^.  For  YBa2Cu307  single  crystals  and  orient¬ 
'd  grained  samples,  Aa„-t-Aa^^  is  equal  to  2.3  XIO”’ 
K''  and  1.5X10'^  K~',  and  AC^/T,  is  27  mJ/mol 
*nd  43  mj/molK^,  respectively.”  Assuming  that 
and  g„=0,  we  can  calculate 
=0.089  KAbar  for  the  single  crystal  and 
*^•038  K/kbar  for  the  oriented  grained  sample.  Taking 
ittlo  account  that  the  value  0.089  KAbar  i«  *00  large  due 
'9  the  presence  of  A1  doping  impurities,'*  we  believe  that 
°ur  experimental  result  of  0.045-0.050  KAbar  is  in  good 
Agreement  with  Eq.  (3). 


Our  deduction  that  pressure-induced  changes  in  inter¬ 
planar  spacing  do  not  contribute  significantly  to  the 
change  of  is  strongly  supported  by  the  fact  that  the 
jump  in  the  component  of  thermal  expansion  along  the  c 
axis  at  is  very  small:  Aa^* /Aa^^  >  20.  ”  Our  deduc¬ 
tion  agrees  with  the  theoretical  conclusion  that  a  large 
change  in  Cu-O  interplanar  distance  affects  only 
slightly,”  as  well  as  data  that  establish  a  correlation  be¬ 
tween  the  r,  and  the  in-plane  Cu-O  bond  length  in  cu¬ 
prate  superconductors.'® 

Finally,  we  discuss  the  role  of  thermal  contraction 
mismatch  between  the  film  and  substrate.  [A  discussion 
of  this  internal  strain  (f„)  is  presented  in  the  literature.”] 
It  is  possible  to  describe  the  free  energy  of  a  film  strained 
due  to  interaction  with  its  substrate  (strain  tensor  )  and 
an  external  stress  d  (corresponding  strain  by  the  fol¬ 
lowing  equation  (using  for  simplicity  the  notation  f  and  C 
instead  of  e,*  and  Cm„ ); 

F(q>,t)  =  Fo(T)  +  {a{T-Tf)(p^  +  iB<p* 

+i[f-ro(?j)]e[e-eo(?^)] .  (4) 


The  first  three  terms  characterize  the  free  energy  of  the 
unstrained  state.  Here  <p  is  the  order  parameter,  is  the 
critical  temperature  in  the  unstrained  state,  and 
a/(2R)  =  ACp/7'j..^°  The  last  term  in  (4)  corresponds  to 
the  elastic  energy  of  the  superconductor  at  a  given 
The  elastic  modulus  C  =  Co  +  AC^^  near  the  transition 
point,  Cq,  corresponds  to  the  normal  state  and  AC 
characterizes  the  superconducting  state,  e  is  the  total 
strain  tensor  and  tQ(q>)  =  iQ{T)  +  Qq>^  is  the 

self-strain  directly  connected  with  a  for  equilibrium  <p: 
dt/dT—a,  La=Sia/B.  It  is  possible  to  estimate  the 
critical  temperature  of  a  film  with  internal  (mismatch) 
strain  in  (4)]  as  well  as  the  shift  of  this  tempera¬ 

ture  under  external  stress  AT,,  by  equating  to  zero  the 
sum  of  all  terms  containing  in  (4).  Taking  into  ac¬ 

count  that  only  terms  containing  t:„  need  to  be  kept,  and 
neglecting  the  quadratic  term  £„ACf„,  we  can  write  the 
following  equation  for  AT^,  which  was  measured  in  our 
experiment: 


AT, 


Aa^-(a/R)r„Aef„ 

AVn 


(5) 


The  first  term  of  Eq,  (5)  corresponds  to  the  generaliza¬ 
tion  of  Ehrenfest’s  relation,  Eq.  (3),  which  has  been 
shown  to  describe  the  results  of  our  experiments  satisfac¬ 
torily.  For  all  practical  purposes,  then,,  substrate 
mismatch  does  not  contribute  significantly  to  the  change 
in  caused  by  external  stress.  The  consistency  in  our 
experimental  results  for  films  on  different  substrates 
strongly  supports  the  conclusion  that  the  J,  and 
changes  observed  are  intrinsic  to  YBa2Cuj07  and  are  not 
mismatch  induced. 


CONCLUSION 

We  observed  reversible  and  reproducible  changes  in 
7^(77  K)  and  of  c-axis-oriented  epitaxial  YBa2Cu307 
thin  films  due  to  compression  and  extension  along  the  ab 
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plane.  Compression  increases  and  extension  decreases 
both  Jc  and  from  their  unstressed  values.  We  have 
determined  that  dT^/da^j,  =0.045—0.050  K/kbar. 
Furthermore,  it  was  shown  that  pressure-induced 
changes  within  the  ab  plane  dominate  the  changes  in  T^. 
Comparison  of  our  result  with  thermodynamic  considera¬ 
tions  shows  that  mismatch  strain  between  the  film  and 
substrate  does  not  affect  the  change  in  T^.  caused  by 
external  stress. 
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ABSTRACT 

Ultra-high  Q,  X-band  resonators,  used  in  a 
frequency  discriminator  for  stabilization  of  a  low  noise 
signal  generator,  can  provide  a  means  of  obtaining 
significant  reduction  in  phase  noise  levels.  Resonator 
unloaded  Qs  on  the  order  of  500K  can  be  obtained  in  a 
s^hire  dielectric  resonator  (DR)  operating  on  a  low 
order  ^.e.,  TEqj)  mode  at  77K  and  employing  high 
temperature  superconducting  (HTS)  films  installed  in 
the  DR  enclosure  covers. 

Rigorous  analysis  for  the  determination  of 
resonator  frequency,  modes,  and  unloaded  Q  have  been 
carried  out  using  mode  matching  techniques.  Tradeoff 
studies  have  been  performed  to  select  resonatcx’ 
dimensions  for  the  optimum  mode  yielding  highest 
unloaded  Q  and  widest  spurious  mode  separation.  Field 
distributions  within  the  resonator  have  been  computed  to 
enable  practical  excitation  of  the  required  nnode. 

The  results  of  both  analysis  and  prototype 
devKe  evaluation  experiments  are  compared  for 
resonators  fabricated  using  enclosures  consisting  of 
conventional,  metal  sidewalls  and  covers  employing 
high  temperature  superconducting  films  as  a  function  of 
cover  (i.e.,  HTS  film)  conductivity. 


INTRODUCTION 

In  a  low  noise,  microwave  signal  generator, 
output  signal  phase  noise  characteristics  are  largely 
determined  by  generator  reference  oscillator  resonator 
characteristics  including  loaded  Q,  insertion 

This  work  was  partially  supported  by  DARPA, 
Contract  No.  972-88-C-0050. 


loss,  operating  frequency,  drive  level,  short-term  and 
long-tenn  frequency  stability,  and  frequency  sensitivity 
to  environmental  stress  [1,2]. 

Figure  1  depicts  the  X-band  microwave  signal 
phas&noisepeifonnance  attainable  using:  (l)aVHF 
quartz  crystal  oscillator  followed  by  a  frequency 
multqtlier  and  (2)  a  dielectric  resonator  oscillator  (DRO) 
operating  directly  at  the  microwave  frequency.  As 
implied  by  the  figure,  a  tradeoff  exists  with  regard  to 
near-carrier  vs.  nc^  floor  qiectral  performance.  The 
higher,  relative  noise  flo(»r  level  exhibited  by  the  crystal 
oscinatcr-multvlier  is  an  unavoidable  consequence  of 
the  phase  noise  sideband  level  increase  cause  by  the 
signal  frequency  multiplication  process.  On  the  other 
hand,  the  higher,  rdative.near-cairier  noise  level 
exhibiled  by  the  DRO  is  primarily  a  consequence  of  the 
dielectric  resonator  loaded  Q  value,  (typically  several 
thousand  at  X-band)  that  is  much  lower  than  that  of  the 
VHF  quartz  crystal  resonator  (100,000  at  80  MHz,  for 
example).  In  order  to  simultaneously  achieve  the 
excellent  noise  floor  perfmmance  provided  by  the  DRO 
and  near-carrier  noise  levels  that  are  significantly 
superior  to  that  currently  attainable  using  quartz  acoustic 
resonators,  it  is  necessary  to  utilize  resonators  operating 
directly  at  microwave  frequencies  that  exhibit* 

(1)  loaded  Q  values  in  excess  of  several  hundred 
thousand  and  (2)  acceptably  low  values  of  self-noise  and 
environmental  stress  sensitivities.  The  predicted  phase- 
noise  performance  attainable  through  the  use  of  ultra- 
high  Q  microwave  resonators  is  shown  in  curves  3  and  4 
in  Figure  1. 

The  use  of  cooled,  sapphire  dielectric, 
microwave  resonators  as  stable,  ultra-high  Q,  frequency 
control  elements  has  been  reported  in  the  literature. 
Resonator  operation  of  high  order  modes  has  resulted  in 
attainment  of  unloaded  Qs  in  the  range  10^  to  10^  at 
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HTS  RESONATOR  UTILIZATION 


X-band  in  the  liquid  nitrogen  to  liquid  helium 
temperature  range  [3,41.  The  presence  of  closely 
frequency-spaced  multiple  resonant  modes  can 
constitute  a  disadvantage  associated  with  device 
operation  on  a  high  order  mode. 


<««»••  MM 
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The  proposed  circuit  mechanization  for 
utilizing  the  HTS  sapphire  dielectric  resonator,  as  shown 
in  Figure  2,  employs  the  resonator  in  a  microwave 
discriminator.  Ultra-high  resonator  Q  results  in 
achievement  of  high  discriminator  sensitivity,  allowing 
the  detection  of  FM/PM  noise  levels  in  a  micrevave 
signal  derived  from  a  conventional,  low  noise  acoustic 
wave  oscillator  multiplier.  As  indicated  in  the  figure, 
the  discriminator  may  be  configured  to  utilize  either  the 
resonator  transmission  or  reflection  response,  or  both 
[5,6].  The  reflection  and/or  transmission  plus  reflection 
schemes  have  the  advantage  of  providing  higher  values 
of  effective  detector  gain.  An  automatic  frequency 
control  (AFC)  feedback  loop  is  employed  for  reduction 
of  oscillator-multiplier  signal  phase  noise. 

0w9.  9‘.22A2S 


Figure  1.  X-Band  Signal  Spectral  Performance  as  a 
Function  of  Resonator  Technology. 

In  a  low  noise,  microwave  signal  generation 
application,  lower  resonator  Qs  (on  the  <vder  of  S(X)K) 
can  provide  improved  signal  spectral  perfocmanoe, 
compared  to  that  currently  available  using  conventional, 
non-cooled  resonator  technologies.  In  the  case  of 
resonator  utilization  in  an  AFC  stabilization  feedback 
loop,  the  lower  (but  significant)  Q  may  be  preferable 
from  the  standpoint  of  obtaining  large  loop  conection 
bandwidth.  The  only  resonator  technology  caqrable  of 
providing  high  values,  small  size,  and  good  mode 
separation  is  a  cooled  sapphire  dielectric  resonator 
operating  on  a  low  order  mode.  The  loss  tangent  of . 
sapphire  decreases  significantly  with  ternperature  [S], 
from  - 10'^  at  room  temperature  to  -  KT '  at  77K. 
Attainable  resonator  unloaded  Q  values,  for  low  order 
modes,  at  77  *  K  are  limited  not  by  sapphire  losses  but 
primarily  by  the  surface  losses  of  the  metal  enclosure  in 
which  the  cylindrical,  sapphire  "puck”  is  mounted. 


High  0  (Reference) 
Resonator 


Input  IMP  filler 


••Resonator  May  be  Operated  in  Reflection  Mode  as  Well  as 
Transmission  Mode,  or  Both 


For  a  conventional,  metal  wall  enclosure, 
resonators  designed  to  operate  on  a  low  order  mode 
exhibit  unloaded  Q  values  at  X-band  of  several  hundred 
thousand.  When  high  temperature  superconducting 
films  are  used  in  the  resonator  enclosure  covers,  the 
resultant  decrease  in  surface  resistance  results  in  of 
unloaded  Q  values  on  the  order  of  1  million.  Q  values 
on  the  order  of  0.5  million  to  1  million  are  adequate  for 
significant  additional  improvement  in  near-carrier  phase 
noise  level.  The  combined  use  of  high  temperature 
superconducting  films  and  cooled  sapphire  dielectric 
technologies  is  the  key  to  obtaining  the  requisite 
resonator  performance. 


Figure  2.  HTS  Resonator  Utilization  in  a  Frequency 
Discriminator  for  AFC  Stabilization  of  an 
External  Oscillator-Multiplier. 

There  are  several  important  advantages 
provided  by  the  AFC  feedback  loop  approach,  compared 
to  resonator  use  directly  in  a  microwave  oscillator.  With 
the  HTS-sapphirc  dielectric  resonator  employed  in  an 
X-band  oscillator,  the  oscillator  sustaining  stage  would 
require  a  GaAs  amplifier.  GaAs  amplifier  flicker-of- 
phase  noise  levels  (converted  to  flicker-of-frequency 
noise  in  the  oscillator)  are  20  to  30  dB  higher  than  those 
exhibited  by  the  Schouky  diode  phase  detector 
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employed  in  the  discriminator  approach.  In  addition,  the 
discriminator  docs  not  dissipate  DC  power  (as  an 
oscillator  would),  so  that  integration  of  the  non¬ 
resonator  discriminator  components  are  part  of  the 
cooled  resonator  assembly  is  possible,  and  cryocooler 
heat  removal  requirements  are  minimized.  An 
integrated  discriminator  assembly  is  desir^le  from  the 
standpoint  of  eliminating  the  need  for  critical  length  RF 
cables  to  traverse  the  cooled/uncooled  interface. 

Finally,  the  AFC  loop  results  in  achievement  of  signal 
phase-noise  reduction  not  only  in  the  final  microwave 
frequency  output  signal,  but  also  in  the  oscillator  and 
multiple  interstage  signals. 


HTS  RESONATOR  DESIGN 

The  structure  of  the  resonator  is  shown  in 
Figure  3.  It  consists  of  a  cylindrical  dielectric  resonator 
of  relative  dielectric  constant  e^.^,  diameter  d,  and  length 
t,  placed  symmetrically  inside  a  cylindrical  conducting 
enclosure  of  diameter  D  and  kng^  L.  The  resonator  is 
supported  on  its  ends  by  two  low  loss  foam  discs  of 
relative  dielectric  constant  e^^.  diameter  D  and  length  G 
each. 


0w<|. 


Rigorous  methods  for  the  analysis  of  this  type 
of  strucuirc  have  been  recently  developed  [7-1 1],  These 
methods  are  based  on  the  mode  matching  technique  and 
involve  significant  amounts  of  numerical  computations. 
The  method  divides  the  region  within  the  conducting 
enclosure  into  subregions  whose  eigenmode  fields  can 
be  detennined  analytically.  In  each  of  the  sub-regions, 
the  electromagnetic  fields  are  expanded  as  a  linear 
combination  of  the  sub-region  eigenmodes  that  satisfy 
Maxwell’s  equations  and  the  boundary  conditions  on  the 
conducting  surfaces.  The  boundary  conditions  at  the 
interfaces  among  the  sub-regions  are  then  introduced. 

By  applying  a  weighted  integrated  criterion  to  the 
equations  expressing  the  boundary  conditions,  an 
infinite  set  of  linear  homogeneous  equations  in  the 
unknown  coefficients  of  the  eigenmodes  is  obtained. 

The  characteristic  equation  for  tlie  resonant  frequencies 
of  the  structure  is  obtained  by  equating  the  determinant 
of  a  truncated  subsystem  of  N  equations  from  the 
infinite  set,  to  zero.  Once  the  resonant  frequencies  are 
detennined  (by  numerical  solution  of  the  characteristic 
equation),  they  are  substituted  back  into  the 
homogeneous  system  of  equations,  which  is  then  solved 
numerically  {(x  all  the  eigenmode  coefficients  in  terms 
of  one  single  coefficient.  The  knowledge  of  the  resonant 
frequencies  and  the  corresponding  eigenmode 
co^cients  provide  complete  characterization  of  the 
electromagnetic  fields  in  the  stmeture.  Determination  of 
the  unloaded  Qs  involves  the  calculation  of  the  energy 
(U)  stored  in  the  structure,  and  the  power  (Wj^  lost  in 
the  metallic  walls,  the  dielectric  resonator  and  the 
surrounding  supporting  media.  The  unloaded  Q  is  then 
calculated  from; 

CJ  U 

o 


where  Uq  is  the  resonant  frequency. 

Contribution  to  can  be  separated  for  each 
of  the  enclosure  surfaces  (i.e.,  the  lop  and  bouom  planes 
of  enclosure,  and  the  cylindrical  walls),  for  the  resonator 
loss  and  for  the  supporting  foam.  This  helps  to 
understand  the  loss  mechanism  and  in  optimizing  the 
structure  parameters  to  obtain  the  highest  Q,  when  HTS 
films  are  installed  in  the  enclosure  end  planes  (covers). 

The  resonant  electromagnetic  field 
configurations  that  can  exist  on  the  resonant  structure 
shown  in  Figure  3  are: 

(1)  Transverse  electric  modes  (TEpp  modes) 
which  have  no  axial  electric  field  and  its 
fields  have  no  angular  variation. 
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(2)  Transverse  magnetic  modes  (TMq,„  modes) 
which  have  no  axial  magnetic  fields  and  its 
fields  have  no  angular  variation. 

(3)  Hybrid  electromagnetic  modes  (HEjmj) 
modes  which  have  both  electric  and  magnetic 
flelds  in  the  axial  directkxi,  and  its  fields  have 
angular  variations  of  sin  (n^)  and  cos  (n^). 

Since  the  objective  of  this  woik  is  to  achieve 
high  unloaded  Qs  in  the  10  GHz  frequency  range,  the 
TEq„  modes  which  generally  have  the  highest  Q  values 
were  considered.  In  particular  the  small  volume  TEqj 
mode  DR  is  considered  in  detail  Figure  4  shows  t^e 
computed  results  of  the  variation  of  the  resonant 
frequency  at  77K  of  the  TEqj  with  the  end  wall  placing 
G  of  the  enclosure,  where  measured  values  are  indicated 
in  the  figure.  The  total  unloaded  Q  and  the  contributions 
of  the  various  parts  of  the  structure  to  the  unloaded  Q 
are  shown  in  Hgures  S  and  6  for  room  temperature  and 
77K,  respectively,  hi  these  figures  the  total  unloaded  Q 
is  related  to  the  individual  contributions  by; 


^EW  ®SW  ^foam 

where:  l/Qg'v^  is  the  contribution  due  to  one  end  wall 
IA[2sw  ^  ^  contribution  due  to  the  side  wall, 
is  the  contribution  due  to  the  sai^hire  resonator,  and 
l/Qfoau,  is  the  contribution  due  to  the  foam  siqiport 
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Figure  4.  Resonator  (TEqj  mode).  Resonant 
Frequency  vs.  End  Wall  Spacing. 
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Figure  5.  Contributors  to  Resonator  Q-Factor  at  Room 
Temperature. 
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Figure  6.  Contributors  to  Resonator  Q-Factor  at  77K. 
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At  room  temperature  the  totaJ  unloaded  Q  is 
cmitroUed  by  the  dielectric  loss  of  the  sapphire  puck  and 
the  ohmic  loss  of  the  end  walls  (covers).  At  77K.  the 
dielectric  loss  in  sai^hire  becomes  small,  and  the  total  Q 
is  controlled  primarily  by  the  ohmic  loss  in  the  end  walls 
and  loss  in  the  solid  foam  sapphire  puck  supports  is  not 
considered.  The  foam  supports  actually  used  to  obtain 
the  measured  Q  values  (Figure  6)  were  not  a  solid,  but  a 
"ring"  stnicture,  and  the  measured  Q  values  obtained  are 
close  to  the  calculated  "no  foam"  values.  The  difference 
between  calculated  and  measured  Q  values  is  taken  as  a 
measure  of  the  loss  of  the  foam  ring  mounting  structure. 

Examination  of  the  Figure  6  data  indicates  that, 
for  resonator-to-end  plane  distances  less  than  0.5  cm.  the 
primary  limitation  in  attainable  Q  is  due  to  enclosure 
end  walls  losses.  Reduction  of  end  plane  losses  via 
utilization  of  HTS  films  installed  in  the  enclosure  covers 
provides  a  means  of  obtaining  higher  overall  resonator 
Q,  with  additional  Q  increase  obtainable  using  a  lower 
lo^  (compared  to  foam)  DR  support  structure.  Figure  7 
shows  attainable  (TEq|  mode)  resonator  Q  values  for 
different  ratios  of  HTS  film  conductivity  (compared  to 
copper)  values. 

Curve  78}6)a-A 
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Figure  7.  Resonator  Unloaded  Q  as  a  Function  of  End 
Plate  Surface  Resistance  and  DR-to-End  Plate 
Dimension. 


HTS  FILM  FABRICATION 

The  YBCO  films  utilized  were  made  by  a 
single  target  spuuering  techniques  which  has  been 
previously  described  [12].  The  substrates  were 
positioned  on  a  quaru  holder  located  90*  off-axis  below 
the  sputter  gun.  There  was  no  bonding  or  clamping  of 
the  substrate  to  the  holder.  The  substrates  were  1 .4  inch 
diameter.  20  mil  thick  LaA103,  and  the  YBCO  films 
were  approximately  300  nm  thick. 

The  particular  films  used  in  this  work  were  loo 
large  for  characterization.  Films  made  under  nominally 
identical  conditions  on  large-area  substrates  were  diced 
for  measurement  of  structural  and  superconducting 
properties.  The  films  had  a  c-axis  growth  orientation 
with  an  x-ray  rocking  curve  width  of  0.2  degrees.  They 
grew  epitaxially  with  their  c-axis  normal  to  the  substrate 
and  with  the  a  and  b  axes  of  YBCO  parallel  to  <1(X)> 
directions  in  the  LaA]03  substrate.  Typical 
superconducting  transition  temperatures  were  89-9 IK 
for  resistive  transitions  (R  =  0)  and  88-90K  for 
transitions  measured  by  ac  susceptibility.  The  if  surface 
resistance,  R^  was  measured  on  small  chips, 

1/4  »  1/2  inch,  by  a  parallel-plate  resonator  technique 
[13].  At  77K  and  10  GHz,  R^  varied  from  wafer  to 
wafer  fiom  03  to  1.0  mQ  with  variation  across  a  single 
wafer  of  1 10%  [14]. 


HTS  RESONATOR  FABRICATION 
AND  TEST 

The  TEqj  DR  configuration  is  shown  in 
Figure  8a.  The  stj^foam  ring  mounts  are  compressed 
between  the  enclosure  covers  and  hold  the  sapphire  puck 
firmly  in  place.  The  1.4  inch  diameter  YBCO/LaA103 
disks,  placed  between  the  foam  supports  and  covers,  are 
held  in  place  with  the  compressed  foam.  Loop  couplers 
are  used  to  excite  and  detect  the  device  resonant 
response,  and  the  degree  of  coupling  was  adjusted  by 
changing  the  orientation  of  the  loop  and/or  the  loop 
penetration  into  the  cavity. 

Liquid  nitrogen  (LN)  was  used  as  the  coolant, 
and  all  measurements  were  made  with  the  unsealed  DR 
assembly  in  contact  with,  but  not  submerged  in,  the  LN 
near  the  bottom  of  a  dewar  enclosure.  The  styrofoam 
plate  of  Figure  8b  was  used  as  a  "Dewar"  for  the 
photograph  and  allows  showing  the  complete  assembly. 

The  magnitude  of  S2 1,  S 1 1 ,  S22.  QL.  and 
frequency  were  measured  using  an  automatic  network 
analyzer  (ANA)  and  synthesized  sweep  generator 
combination.  Coupling  coefficients  and  unloaded  Q 
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values  were  calculated  from  the  ANA  loaded  Q  and 
reflection  loss  measurements.  Most  of  our 
measurements  were  made  at  10. 16  GHz  (G  =  2.9  mm). 


(b) 

Figure  8.  (a)  HTS-Sapphlre  Dielectric  Resonator. 

(b)  Assembled  and  Operating  at  T  ~  77K. 


Results  of  initial  measurements  are  listed  in 
Table  1  for  copper  and  for  (two  different  conductivity 
values)  YBCO  end  walls.  Resistance  ratios. 

^s  Cu'*^s  YBCO  GHz,  77K),  are  calculated  from  the 
mcasured  Qy  and  foam  support  ring  mount  loss.  The 
highest  resistanc  ratio  was  4.0.  Resistance  ratios  of 


greater  than  10  are  typically  obtained  at  77K  for  small 
area  films  cut  from  large  wafers. 

R  (Cu) 

3 


R  (YBCO) 

3 

Q  (k) 
u 

1.0 

102 

2.5 

200 

4.0 

320 

RESONATOR  SHORTTERM 
FREQUENCY  STABILITY 

In  an  eHart  to  verify  that  the  HTS  portion  of  the 
resonators  did  not  contribute  to  excess  resonator  self¬ 
noise.  prototype  resonators  were  tested  at  Ft 
Monmouth.  NJ  using  an  HBAR  (higher  overtone,  bulk 
acoustic  resonator)-based,  X-band  signal  generator 
designed  and  built  by  Westinghouse  for  the  U.S.  Army 
Electronic  Device  and  Technology  Laboratory  [15].  The 
HBAR-based  source  exhibits  state-of-the-art  phase  noise 
performance  that  is  only  10-15  dB  poorer  than  that 
predicted  for  the  HTS-sapphire-based  souioe  (Figure  1). 
The  results  of  these  measurements  are  shown  in  Figure  9 
and  indicate  that,  within  the  resolution  of  the  test 
equipment,  the  HTS-sapphire  resonator  self-noise  level 
is  immeasurable.  The  primary  contributor  to 
instrumentation  noise  level  is  associated  with  low  test 
set  phase  detector  drive  and  resulting  sensitivity 
(70  mv/radian)  rather  than  the  HBAR-based  source 
spectral  characteristics.  This  result  is  significant  and 
encouraging,  especially,  in  light  of  the  relatively  high 
(16  dBm)  level  of  resonator  drive  employed. 

In  addition  to  resonator  self-noise 
measurements,  the  phase  noise  perfoimatx^e  of  low  1/f 
noise,  X  -band,  Schottky  diode  phase  detectors  (double 
balanced  mixers)  operated  at  77K  was  also  measured. 
These  tests  were  performed  in  order  to  demonstrate  the 
feasibility  of  cooling  both  the  resonator  and  detector  in 
an  integrated,  frequency  discriminator  assembly  in  order 
to  avoid  the  need  for  critical  length,  RF  coaxial  cables 
traversing  the  cooled/uncooled  interface.  The  results, 
shown  in  Figure  10,  are  also  encouraging  and  show  no 
increase  in  detector  1/f  noise  at  77K. 


CONCLUSIONS 

Wc  have  shown  that  with  high  quality,  large 
area.  YBCO  films  and  simple,  styrofoam  mounts, 
unloaded,  X-band  Q  values  of  over  250  thousand  are 
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attainable  for  TE^.  Mode  operation  of  a  sapphire 
dielectric  resopTwor,  operated  at  77K.  With 
improvemoni  in  the  yield  of  HTS  films  with  good 
uniformity  over  areas  of  10  cm^,  unloaded  Q  values 
j^reatcr  than  500  thousand  will  be  attainable  from  small 
volume,  TEqj  shielded,  sapphire  dielectric  resonators. 


4  Averages  Carrier  Freq.  =  1. 016EI0  Hz 


IjriariK  niiiin  i  w 1 1  0 « If jgiiy  » w i 


Figure  9.  HTS-Sapphirc  Dielectric  Resonator  Noise 
Measurement  Results. 


Cwrv*  76^)2*A 


Figure  10.  Measured  1/f  Noise  for  WJ  M76HC  Mixer 
(Phase  Detector)  at  Room  Temperature  and 
77K. 
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It  was  recently  suggested  that  coupling  between  the  superconducting  Cu-O  bilayer  or  trilayer  units 
in  the  highly  anisotropic,  high-temperature  superconductors  (HAHTS)  can  be  described  by  incoherent 
Josephson  tunneling.  This  paper  confirms  the  assumed  inverst  dependence  of  the  coupling  energy  on 
field.  H,  through  measurements  of  the  zero-bias  resistance  of  discrete,  high-quality,  ihin-film  Nb 
Josephson  junctions.  This  l/W  dependence  was  used  to  explain  the  flux-motion-induced  broadening  of 
resistive  transitions  in  HAHTS  for  equivalent  geometry  with  H  parallel  to  the  c  axis.  The  Nb  junction 
results  also  unambiguously  confirm  another  recent  suggestion:  that  field-induced  dissipation  can  occur 
in  Josephson  junctions  without  the  motion  of  vortices  from  an  externally  applied  field,  which  in  this 
case  arc  pinned  in  the  Nb  electrodes. 


Recently,'  the  effects  of  anisotropy  and  fluctuations  on 
the  field-induced  broadening  of  resistivity  transitions, 
p(T,H),  and  the  critical  current  densities.  Jr(T,H),  have 
been  studied  in  high-temperature  superconductors  (HTS). 
For  highly  anisotropic  HTS  in  an  applied  field,  H,  orient¬ 
ed  parallel  to  the  c  axis  (Wile)  one  explanation  considers 
fluctuations  which  affect  the  Josephson  coupling  across 
the  interlayer  junctions.^  Fluctuations  of  the  relative 
phase  across  these  junctions  occur  if  kT  exceeds 
Erj(T,H).  the  Josephson  coupling  energy^'*  between  ad¬ 
jacent  Cu-O  bilayer  or  trilayer  units  (multilayers).  For  H 
perpendicular  to  the  interlayer  Josephson  junctions,  this 
results  in  a  crossover  from  three-dimensional  (3D)  vortex 
lines  to  2D  pancake  vortices  in  the  isolated  Cu-O  multi¬ 
layers.  and  the  experimental  fits  to  this  model  ^  indicated 
that  the  effective  junction  area  in  E^j  is  <t>ofW. 

Josephson  fluctuations  have  also  been  used  recently  to 
explain  the  broadened  p(T,H)  in  granular  NbN  films^ 
and  Jr(T,H)  in  granular  multilayers*  of  NbN  with  AIN. 
It  was  suggested  that  motion  of  the  external  flux  could  be 
suppressed  by  the  relatively  strong  pinning,  e.g.,  in  the  in¬ 
sulating  AIN  layers  where  a  distinct  crossover  in  the  field 
dependence  of  J^iH)  was  observed  between  depinning  of 
the  external  flux  and  dephasing  of  intergranular  Joseph¬ 
son  junctions.* 

The  results  presented  in  this  paper  confirm  both  of  these 
ideas  by  direct  measurements  on  discrete,  high-quality 
Josephson  junctions  made  with  Nb  films.  For  fields  per¬ 
pendicular  to  the  film  plane  (up  to  0.03  T),  broadened 
resistive  transitions  which  are  very  similar  to  those  found 
in  HTS  materials  are  observed  in  these  junctions.  For 
//  >  0.005  T.  the  experimental  activation  energy  quanti¬ 
tatively  equaled  the  theoretical'  Ec)(T.H)  with  an 
effective  junction  area  of  <l>o/W.  These  measurements 
used  a  current  density  of  0.1  A/cm’,  for  which  the  resis¬ 
tive  transitions  of  the  Nb  electrodes  were  very  sharp,  indi¬ 
cating  that  the  external  flux  was  completely  pinned  in  the 
electrodes.  Thus  the  field-induced  dissipation  was  not 


caused  by  motion  of  the  external  flux,  but  by  self-field, 
Josephson  vortex  cores  which  are  independent  of,  and  per¬ 
pendicular  to,  the  applied  field. 

The  Nb  films  were  sputter  deposited  in  the  system 
equipped  with  load-lock  chamber.  The  substrate  was  a  2- 
in.  silicon  wafer,  onto  which  a  200-nm  layer  of  SiO:  was 
formed  by  a  thermal  process.  The  background  pressure  of 
the  system  was  maintained  at  ~I0“’  torr.  During  film 
deposition,  the  substrates  were  kept  in  contact  with  a 
water-cooled  copper  plate.  The  residua!  resistivity  ratios 
of  such  Nb  films  were  normally  8-9,  with  T,  ”9.2  K.  The 
Nb  junctions  used  in  this  paper  were  fabricated^  on  such 
films  using  an  AlO,  barrier,  which  was  formed  by  expos¬ 
ing  a  7.5-nm-thick  Al  layer  to  150  mtorr  of  pure  oxygen 
gas  for  30  min,  which  resulted  in  J,  —  1500  A/cm^.  Junc¬ 
tion  areas  were  defined  by  the  selective  niobium  etching 
process  (SNEP),  which  uses  reactive  ion  etching  and 
anodization  of  Nb.  The  figure  of  merit  of  these  junctions, 
K„,,  was  normally  about  50  mV,  measured  at  F“2  mV 
and  r“4.2  K.  The  magnetic-field  penetration  depth  of 
the  Nb  films.  X.Nb.  62  nm,  as  measured  from  dif¬ 
fraction  patterns  of  Josephson  critical  current,  while  the 
Josephson  penetration  depth.  \j,  defined  by 


kj 


h 

2epoJri2\m,+d,^ 


\n 


(I) 


was  about  12  jim  using  the  above  parameter  values  and  a 
reasonable  insulator  thickness,  d,. 

Resistances  were  obtained  using  a  standard  four- 
terminal,  ac  lock-in  technique.  AM  measurements  were 
taken  in  a  gas-flow  cryostat  after  cooling  the  sample  from 
above  T,  in  the  applied  field  perpendicular  to  the  thin-film 
electrodes.  The  measurements  described  below  how  that 
HrdT)  is  much  larger  than  that  of  pure  Nb;  Consequent¬ 
ly.  Hf\(T)  will  be  much  lower.  From  this,  Hr\  a:  :ero 
temperature  c-dt)  be  estimated  from  the  dirty  limit  formula 
to  Iw  —0.023  T.  This  fact  plus  the  favorable  width-io- 
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thickness  ratio  ( >  50)  of  the  films,  explains  why  small 
fields  can  remain  in  the  samples  after  field  cooling.  In  or¬ 
der  to  achieve  transitions  to  a  Josephson  supercurrent  at 
low  temperatures,  it  was  necessary  to  cool  the  samples 
quickly  (and  even  faster  as  the  field  increased).  Possibly 
this  was  necessary  to  keep  the  flux  cores  frozen  in  their  in¬ 
itial  aligned  positions  in  each  electrode,  thereby  prevent¬ 
ing  any  parallel  component  in  the  barrier  due  to  misalign¬ 
ment.  Note  that  in  a  parallel  field,  the  junction  resistance 
periodically  returned  towards  the  quasiparticle  resistance 
of  the  junction  (which  is  greater  than  the  normal-state 
value)  when  an  integral  number  of  flux  quanta  filled  the 
junction.  This  manifestation  of  the  usual  Fraunhofer  pat¬ 
tern  measured  in  /r(//)  is  seen  here  as  a  function  of  tem¬ 
perature,  because  of  the  temperature  dependence  of 
^Nb(7').  For  each  perpendicular-field  value,  the  resistive 
transitions  were  measured  repeatedly:  For  analysis,  we 
used  those  with  the  steepest  slope  which  were  reproducible 
and  showed  no  evidence  of  vortex  cores  from  the  external 
field  being  parallel  to  the  junction  in  the  temperature 
dependence. 

The  resistive  transitions  of  one  junction  and  its  elec¬ 
trode  are  shown  in  Fig.  1  for  a  field  of  0.03  T.  These  mea¬ 
surements  use  a  current  density  of  0.1  A/cm^,  and  the  ex¬ 
tremely  sharp  resistive  transition  in  the  electrode  indicates 
that  the  external  flux  is  completely  pinned  at  all  temper¬ 
atures,  T  <  0.98T<..  The  initial  drop  in  apparent  junction 
resistance  corresponds  to  the  incomplete  four-terminal 
cancellation  of  both  electrode  resistances  when  they  are 
not  superconducting.  Figure  2  shows  the  complete  field 
dependence  of  this  junction’s  resistance.  Note  that 
HciiT)  can  be  extracted  from  the  initial  drop  at  TciH), 
and  is  given  by  0.27  T/K  near  T, . 

In  the  theory^  of  Josephson  junctions  for  zero  field,  a 
finite  junction  resistance  appears  even  below  T(  due  to 
thermal  fluctuations  and  it  is  given  [for  EcflT ,H)'»kBt\ 
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FIG.  2.  The  held  dependence  of  the  resistive  broadening  of 
Nb/Nb  ihin-film  Josephson  tunnel  junctions  looks  very  similar 
to  high-temperature  superconductors.  Magnetic  fields:  300  Oe 
(squares):  200  Oe  (pluses):  lOO  Oc  (diamonds):  50  Oe  (open 
triangles):  20  Oc  (solid  triangles):  zero  applied  field  (circles). 


by  /?  occxp[  — £,y(T,//)/A:aTl  where  ka  is  the  Boltzman 
constant.  The  Josephson  coupling  energy,  E^■j  is  propor¬ 
tional  to  /,.,  the  critical  current  in  the  absence  of  thermal 
fluctuations,  which  is  proportional  to  the  product  of  the 
superconducting  order  parameters  on  each  side  of  the 
junction,  and  divided  by  the  normal-state  resis¬ 
tance,  Rn-  Near  7r,  yray>*oc(l  — /),  where  t^'TlTc,  so 
for  convenience  we  define  Uo(H)’^E,j{T,H)/(\  —t)kB  to 
obtain  /?«exp(~l/o(l  ~t)lT).  This  expression  is  used 
to  fit  the  resistance  data  of  Fig.  2  and  determine  Uq, 
which  is  plotted  in  Fig.  3  together  with  the  data  for  two 
other  junctions.  For  H  >  0.005  T,  Uo  agrees  quantita¬ 
tively  with  theory^  if  an  effective  junction  area  of  Oo/H  is 
used  for  the  Rn  going  into  Erj. 

In  zero  field,  the  low-temperature  in  the  absence  of 
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FIG.  I .  The  resistance  of  a  Nb/Nb  thin-lilm  Josephson  tun¬ 
nel  junction  in  a  field  of  300  Oe  which  is  perpendicular  to  the 
film  plane  (triangles).  For  comparison,  the  resistance  of  one  of 
the  electrodes  (diamonds)  is  plotted  in  scaled  units  under  the 
same  conditions.  Clearly  vortices  from  the  external  field  are 
well  pinned  in  the  electrodes  at  temperatures  just  below  T,, 
whereas  the  junction  dissipation  extends  to  much  lower  lempcr- 


1/H  (Oe  ’) 


FIG.  3.  The  activation  energy  obtained  from  lilting  data  of 
Fig.  2  (triangles),  for  a  Nb/Nb  junction  of  area  \  2  ^lm  \  and 
those  of  two  other  Nb/Nb  junctions,  of  the  same  area  (circles) 
and  of  area  16x16  //m'  (squares).  The  lines  are  calculated 
from  the  model  described  in  the  text:  .M  high  tields  thev  repre¬ 
sent  an  effective  junction  area  of  »ilh  no  .id instable  pa- 
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thermal  fluctuations,  was  measured  to  be  ~  1 .4  m A, 
which  is  about  70%  of  that  predicted  by  using  the  mea¬ 
sured  junction  resistance  (e.g.,  from  Fig.  2)  in  E,j.  How¬ 
ever,  a  fli  to  the  broadened  resistive  transition  in  zero  held 
requires  a  much  larger  resistance  in  This  can  be  un¬ 
derstood  if  the  junction  is  sectioned  into  phase-coherent 
areas  which  are  significant  smaller  {Ao~  I  ;<m')  than  the 
geometrical  area  (~96  pm^),  and  may  be  caused  by  dis¬ 
order  in  the  films,  which  were  deposited  at  low  tempera¬ 
tures.  Then  each  section,  and  the  junction  as  a  whole,  will 
have  the  same  broader  transition.  However,  the  low- 
temperature  critical  current  density  is  expected  to  be  little 
changed  by  such  sectioning,  so  Ic,  which  sums  the  (super) 
conductivity  of  all  the  phase-coherent  sections  in  parallel, 
should  be  affected  very  little,  and  the  above  measurements 
confirm  this.  The  solid  line  in  Fig.  3  interpolates  between 
the  low-field  limit  of  area  iAo)  and  the  high-field  limit 
(<t>o///),  using  an  effective  area,  A  “(Ao  '  +  H/<i>o)  ~ 

A  potential  picture  to  understand  the  effective  area  be¬ 
ing  has  been  proposed"  to  explain  the  r-axis  resis¬ 
tivity  in  BiiSr2CaCu20t  crystals.  It  borrows  the  concept 
of  a  coherence  radius  used  for  superconducting  fluctua¬ 
tions  in  a  magnetic  field,^  either  above  or  in  resistive 
states  below  T,..  However,  the  Nb  electrodes  are  in  a 
zero-resistance  state  with  the  vortices  pinned,  and  the 
above  interpretation  would  miss  the  long-range  coherence 
of  the  phase  of  f  in  these  electrodes.  A  more  convention¬ 
al'”  approach  begins  with  thermally  activated  Josephson 
vortex  cores,  which  are  parallel  to  the  films  in  the  insulat¬ 
ing  region  of  the  junction.  For  finite  dissipation,  these 
must  f  ross  the  entire  junction  area,  Ao,  and  thus,  e.g.,  in 
zero  field,  However,  wc  may  suggest 

that  in  a  finite  field,  the  minimum-sized  Josephson  core 
excitation  is  a  loop  of  area  since  then  it  is  possi¬ 

ble  to  connect  the  Josephson  cores  to  those  of  the  external 
field  which  are  pinned  in  the  Nb  electrodes  on  a  lattice  of 
that  unit-cell  size,  it  is  necessary  to  make  the  unproven 
presumption  that  this  reconnection  makes  the  thermally 
activated  loop  more  stable  against  collapse.  In  such  a 
case,  Erj  would  correspond  to  an  effective  junction  area, 
<bo/^-  Note  that  the  energy  barrier  for  flux-line  cutting 
associated  with  this  reconnection  is  small:  The  field  of  the 
Josephson  cores  is  weakly  localized  (~2Xy  “24  pm)  com¬ 


pared  to  the  (lux-line  spacing  (~0.4  pm  at  100  G)  and 
the  magnitude  of  in  the  insulating  regions  is  small  (its 
value  is  —0.007  of  that  in  the  Nb  electrodes,  i.e.,  the 
square  root  of  the  ratio  of  the  critical  current  densities  of 
the  Josephson  junction  to  that  for  depairing  in  Nb). 

Dissipation  eventually  occurs  when  these  loops  further 
expand  in  size  and/or  merge  with  others  to  cross  the  entire 
junction  area.  The  junction  current  favors  both  the  for¬ 
mation  and  expansion  of  one  sense  of  the  circulation  in  the 
loops,  as  it  docs  in  zero  field.  This  may  be  viewed  as  the 
result  of  a  Lorentz-like  force  between  the  Josephson  cores 
and  the  tunnel  current.  However,  the  tunnel  current  is 
parallel  to  the  applied  field,  so  there  is  no  macroscopic 
Lorentz  force,  except  in  the  electrodes  where  pinning 
prevents  any  flux  motion.  Further  theoretical  analysis  is 
highly  desirable,  and  it  can  be  noted  here  that  the  pinned 
flux  cores  in  the  Nb  may  be  analogous  to  the  role  of  dislo¬ 
cations  in  dislocation-mediated  shearing  (melting)  of  crys¬ 
tals. " 

In  summary,  wc  report  the  field  dependence  of  the 
zero-bias  resistance  of  discreet,  high-quality,  thin-film  Nb 
Josephson  junctions  and  find  a  \/H  dependence  for  the 
thermally  activated  Josephson  coupling  energy  for  H  per¬ 
pendicular  to  the  film  plane.  This  confirms  the  use  of  such 
a  field  dependence  to  explain*  the  flux-motion-induced 
broadening  of  resistive  transitions  for  the  HTS  with  H 
parallel  to  the  r  axis.  The  Nb  junction  results  have  also 
unambiguously  confirmed  another  recent  suggestion,*’  that 
field-induced  dissipation  can  occur  in  Josephson  junctions 
without  the  motion  of  vortices  from  an  externally  applied 
field. 
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We  observe  anomalous  magnetic  field  dependence  of  the  microwave  vortex  response  of  epitaxial 
YBaiCu307-»  films,  which  we  identify  as  a  crossover  from  flux  pinning  to  flux  flow,  occurring  near  a 
characteristic  field  H*{T).  We  show  that  the  presence  of  the  crossover  depends  only  on  adequate 
softening  of  the  pinning  potential  UfT.H)  (i.e..  it  is  independent  of  the  nature  of  the  vortex  transition). 

However,  the  data  are  in  good  agreement  with  a  thermal  activation  model  in  which  UfT.H)~‘A(.T)/H. 


A  separate  analysis  of  the  high-field,  high-frequency 

upper  critical  field  Hci- 

PACS  numbers:  74.30.Gn.  74  60,Ec.  74.60.Ge.  74.75.+t 

Probing  vortex  dynamics  in  superconductors  at  high 
frequencies  is  well  known  to  provide  important  informa¬ 
tion  regarding  the  mixed  state.  In  the  low-Tr  supercon¬ 
ductors,  it  was  shown  by  Gittleman  and  Rosenblum  111 
that,  at  fixed  magnetic  field,  a  crossover  occurs  from 
pinned  vortices  to  free  flux  flow,  as  the  probe  frequency 
crosses  a  characteristic  frequency  (  —  100  MHz  typical¬ 
ly).  An  understanding  of  these  results  was  developed  in 
terms  of  the  viscoelastic  response  of  individual  vortices,  in 
which  the  frequency  scale  is  the  viscoelastic  relaxation 
frequency,  and  the  only  field  scale  which  enters  is  the 
upper  critical  field  Hd. 

In  this  paper  we  present  experimental  evidence,  based 
on  measurements  of  the  \0-GHz  microwave  surface  resis¬ 
tance  Rs(T,H\  that  this  description  is  inadequate  at 
high  fields  in  YBa2Cu307-«  films.  We  observe,  for  the 
first  time,  a  crossover  as  a  function  of  field  at  fixed  fre¬ 
quency.  from  a  pinning  dominated  regime  to  a  flow  dom¬ 
inated  regime.  This  occurs  near  a  characteristic  field 
which  we  call  H*{T),  which  is  comparable  to  the  so- 
called  "irreversibility”  line  [2j.  We  show  that  the  experi¬ 
mental  results  are  well  described  by  a  theory  l3l  by 
Coffey  and  Clem  which  includes  a  field-dependent  pin¬ 
ning  potential  and  the  influence  of  thermal  fluctuations 
on  the  surface  impedance,  and  we  connect  the  observed 
crossover  field  with  the  pinning  potential  U(.T,H).  How¬ 
ever,  we  also  show  that  this  crossover  is  model  indepen¬ 
dent,  and  requires  only  an  adequate  softening  of  the  pin¬ 
ning  potential  or  force  constant  caused  by  the  magnetic 
field.  The  analysis  of  the  data  yields  experimental  results 
for  the  flux  viscosity  tj(T),  the  flux  pinning  force  constant 
ap{T),  and  the  pinning  potential  U(.T,H).  The  T depen¬ 
dence  of  rf(T)  suggests  a  rapid  decrease  of  the  quasiparti¬ 
cle  scattering  rate  below  T,.  Our  work  demonstrates 
significantly  new  phenomenology  of  vortex  electroydnam- 
ics  in  YBa2Cu307-s,  which  were  not  recognized  or  are 
absent  in  low-Tf  superconductors. 

Near  the  (high  frequency,  high  field)  superconducting 
transition,  the  dominant  field  scale  is  the  upper  critical 
field  Hc2-  We  analyze  the  transition  in  terms  of  the  tem¬ 
perature  derivative  (9R,/dT)H,  from  which  we  obtain  a 


superconducting  transition  yields  a  measure  of  the 


measure  of  Hd- 

Epitaxial  (c-axis  oriented)  YBa2Cu307-rf  films  (0.5 
pm  thick)  were  deposited  onto  LaAlO)  substrates  (nomi¬ 
nally  0.5  in.  square)  using  standard  off-axis  sputtering 
techniques.  Extensive  characterization  14}  of  these  films 
has  shown  them  to  have  high-quality  properties,  with 
sharp  transitions  and  Jc>  10‘  A/cm^  at  77  K.  Using  a 
Nb  superconducting  cavity,  high  sensitivity  measure¬ 
ments  of  the  absolute  zero-field  RjiH  “0,T)  were  also 
carried  out.  The  /?,(// —O.f)  measurements  are  con¬ 
sistent  (see  inset  to  Fig.  I)  with  BCS  calculations  with 
X(0)~1400  A  and  2A(0)/A:Tf  “4.2,  and  are  in  good 
agreement  with  measurements  on  single  crystals  [5l  and 
laser  ablated  films. 

The  high-field  measurements  were  carried  out  using 
sapphire-loaded  Cu  cavities  with  the  sample  as  an  end 
plate.  Magnetic  fields  up  to  7  T  were  applied  parallel  to 
the  c  axis  using  a  NbTi  superconducting  magnet.  The 
surface  resistance  R,(T,H)  was  obtained  from  the 
measured  cavity  Q’s,  using  R,(T,H)  ~rlQ~'(T.H) 
—  where  Qi,  refers  to  the  background  Q  and 

was  obtained  separately,  and  T  is  a  known  geometric  fac- 


TO  ao  00  100 


T(K) 

FIG.  I.  R,  vs  T  at  several  fields  from  0  to  7  T.  Inset:  R,  vs 
T/Tr  at  7/ ”0  measured  using  a  superconducting  cavj|\  The 
solid  line  represents  a  BCS  calculation. 
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tor.  Experiments  were  carried  out  under  both  field- 
cooled  (FC),  and  zero-field-cooled  conditions  with  subse¬ 
quent  application  of  the  magnetic  field,  and  were  con¬ 
sistent  with  each  other.  Results  for  R,  vs  T  at  various 
cooling  fields  up  to  7  T  arc  shown  in  Fig.  I.  (Similar 
curves  taken  at  several  other  fields  in  the  same  range  are 
not  shown  to  avoid  crowding.)  Note  that  the  experiments 
yield  absolute  values  for  the  T-  and  //-dependent  R,. 
which  is  crucial  for  obtaining  material  parameters,  as  the 
subsequent  discussion  shows. 

Vortex  dynamics  in  the  mixed  state  (//ri «//  <K//<.2)  is 
best  examined  by  considering  the  field  dependence  of  R,. 
From  curves  such  as  in  Fig.  1,  we  have  constructed  the 
field  dependence  [/?,(//)  —  /?,(// ”0)]  at  fixed  T,  as 
shown  in  Fig.  2(a)  for  a  representative  temperature 
7"  “8 1.2  K.  We  now  turn  to  understanding  the  field 
dependence  as  shown  in  Fig.  2. 

The  simplest  model  of  the  response  of  vortices  to  ac 
driving  fields  is  obtained  from  the  equation  of  motion; 
qx+Opjc  One  can  show  that  this  leads  to  a  con¬ 

stitutive  equation  Ja’“l(ap+i(i}q)/{io/t>oB)]E„  from 
which  both  the  absorption  represented  by  R,{a>,T,H) 
and  the  reactive  response  represented  by  the  penetration 
depth  X(a),T,H)  can  be  calculated.  The  above  model 
yields  R,(<i),T,H)  i.c.,  a  single  v77  behav¬ 
ior  for  both  R,  and  Xat  all  H  for  fixed  frequen  - 

cy  experiments  such  as  the  one  discussed  here. 

The  data  in  Fig.  2(a)  are  clearly  not  described  by  a 
single  V/7  dependence  (two  examples  are  shown  to  which 
we  return  later).  We  examine  this  further  by  replotting 
as  (/?,(//) —  /?,(0)1^  vs  H  in  Fig.  2(b),  now  including 
data  for  other  temperatures.  It  is  now  obvious  that  a  sin- 


H  (TesU) 


FIG.  2.  (a)  /?,(//)-/?,(// -0)  vs  //  at  r-81.2  K.  and  (b) 
!/?,(//)  —  /?,  (0)1  ^  vs  H,  at  several  temperatures.  The  solid 
lines  represent  theoretical  calculations.  Note  that  the  data  and 
theory  indicate  a  crossover  from  a  low-field  fTf  dependence  to 
a  high-field  -Jh  dependence  [these  limiting  behaviors  are  shown 
as  dashed  (pinning)  and  dot-dashed  (flow)  lines  in  (a)]. 


gle  straight  line  is  inadequate  in  Fig.  2(b).  Instead  there 
is  a  clear  crossover  from  a  low-  to  a  high-field  behavior. 
This  feature  of  the  data  is  not  described  by  the  simple 
model  discussed  above,  according  to  which  a  crossover 
only  occurs  as  a  function  of  o),  not  H.  This  is  because  the 
field  dependence  of  the  pinning  parameters  is  not  includ¬ 
ed.  As  discussed  below,  the  entire  behavior  is  well  de¬ 
scribed  by  considering  a  field-dependent  pinning  poten¬ 
tial. 

We  consider  this  in  terms  of  a  more  general  equation 
of  motion:  qx  +  apL/2xs\n(lxx/L)’‘J„,d>o-\- Fit),  where 
the  last- term  represents  a  stochastic  driving  force  due  to 
thermal  fluctuations.  Coffey  and  Clem  [3J  have  analyzed 
the  high-frequency  response  of  vortices  in  terms  of  this 
equation,  based  upon  the  analogy  of  the  equation  of 
motion  to  that  of  a  Brownian  particle  in  a  periodic  po¬ 
tential  L/o“f/[l  — cos(2xx//.)l  driven  by  an  alterna¬ 
ting  field.  They  obtain  a  result  for  the  frequency-depen¬ 
dent  mobility  of  a  vortex;  ii(a),T,H)  \  -t-  {iwro/a 

+  l/W(v)  —  I J)  from  which  a  corresponding 

resistivity  pp“<I>o^/7  can  be  defined.  This  leads  to  a  J-E 
relation;  y«“Pr”*£«,  yielding  a  complex  penetration 
depth  ir(a),//,r) ■•pp(w,//,T)/—/a>po-  Here  a“/|(v)/ 
/o(v),  v^UflkitT,  I's  are  modified  Bessel  functions,  and 
the  bare  viscoelastic  relaxation  time  To’^nlop. 

In  order  to  make  contact  to  experimental  data,  wc  in¬ 
troduce  l6j  a  field  scale  H*{T)  which  is  obtained  from  a 
separable  potential  of  the  form  U(.H,T)  ^AiT)/H, 
where  H*{T)~A(T)/2ktT,  and  a  length  scale  S*(T) 

This  enables  /?,  to  be  written 
as 

R,  "•  —  tupolntl^pl 

“‘—Q)PQS*{T)\m{ixg{a>To,x)V^,  (1) 

where  g  is  defined  by  pr  — p/g(<uro,x),  and  p/  is  the  flux 
flow  resistivity.  The  field  dependence  of  the  vortex  con¬ 
tribution  to  the  surface  resistance  is  then  defined  in  terms 
of  the  scaled  variable  x*“l/v— A////*  (T). 

An  examination  of  the  high-  and  low-field  limits  of  Eq. 
(1)  shows  that  the  characteristic  field  H*{T)  demarcates 
the  regions  of  flux-pinning-dominated  and  flux-flow- 
dominated  response,  at  fixed  frequency.  The  limits  are 

H<KH*{T),  pinning  limit;  /?,—  (^PQtii*q^jAap)'^^yfH , 

(2a) 

//»//*(r),  flux  flow  limit:  /?,— *  («I>opoW27)‘^^-n/77. 

(2b) 

The  principal  feature  of  the  model  described  above  is 
that  the  field  dependence  of  R,a:yfH  in  the  high-  and 
low-field  limits,  with  a  crossover  near  H*lT).  (The  ex¬ 
act  location  of  the  crossover  in  the  H-T  plane  is  deter¬ 
mined  also  by  the  measurement  frequency  in  terms  of 
(OTo.)  This  is  very  like  the  experimental  results  presented 
in  Fig.  2. 

The  results  of  numerical  calculations  using  the  above 
model  are  shown  in  Figs.  2(a)  and  2(b)  as  the  solid  lines. 

It  is  clear  that  the  theory  quantitatively  describes  the  ex- 
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perimental  results,  in  particular  the  crossover  as  a  func¬ 
tion  of  //,  which  is  not  obtained  from  the  simple  model. 
Comparisons  as  in  Fig.  2  yield  the  vortex  parameters 
r}(T),  ap(T),  and  H*(.T)  using  the  following  procedure. 
From  the  limiting  low-  (pinning)  and  high-held  (flow) 
'/H  behavior  shown  in  Fig.  2(a)  as  the  dashed  lines,  the 
parameters  rj(T)  and  ap(.T)  are  obtained  using  Eq.  (2). 
This  defines  two  of  the  inputs  to  the  calculations.  The 
remaining  parameter  H*{T)  is  then  obtained  from  fits  as 
in  Fig,  2(b). 

The  vortex  field  scale  H*(T)  vs  T  is  shown  in  Fig.  3. 
Also  shown  in  Fig.  3  are  the  “irreversibility”  line 
of  Malozcmoflf  and  Worthington  et  al.  I7l,  and  the 
TrfiH)  data  of  Gammel,  Schneemeyer,  and  Bishop  [8], 
which  has  been  described  in  terms  of  a  vortex  glass  tran¬ 
sition,  both  scaled  to  7,(0)  *90.0  K.  It  is  noteworthy 
that  H*{T)  is  in  very  good  agreement  with  these  other 
data  arrived  at  by  entirely  different  measurement 
methods  and  analysis,  which  probe  vortex  dynamics  on 
much  longer  time  scales.  In  the  framework  of  the  model 
discussed  in  this  paper,  this  field  is  related  to  the  barrier 
height  and  thus  the  present  experiments  provide  a  mea¬ 
sure  of  the  barrier  height  in  these  films.  An  approximate 
fit  to  the  data  (Fig.  3)  is  //*(7)  —  100(l  (tesla), 

from  which  we  obtain  t/—1.8xl0^(l  — t)^^///  (tesla 
kelvin),  which  is  in  reasonable  agreement  (as  regards 
magnitude)  with  other  measurements  [9].  We  note  that 
H*(T)  may  be  more  closely  identified  with  the  so-called 
“depinning”  line  llO,l  ll. 

Although  we  have  used  a  specific  model  which  incorpo¬ 
rates  thermal  fluctuations  in  order  to  analyze  our  data 
quantitatively,  it  should  be  stressed  that  the  crossover  ob¬ 
served  in  our  results  is  really  a  generic  feature  of  the  dy¬ 
namic  response  of  the  flux  lattice,  and  requires  only  that 
the  pinning  parameters  (potential  or  force  constant)  de- 


FIG.  3.  H-T  phase  diagram  obtained  from  the  analysis  of 
the  R,{T,H).  Hfi  (squares),  vortex  field  H*  (stars).  Also 
shown  are  scaled  data  (circles)  for  T„,(H)  from  Ref.  l7).  and 
Trg(H)  (plusses)  from  Ref.  [8].  The  lines  represent:  dashed. 
//•(D-lOOd-r)*''//  (tesla);  solid.  W,2(r)  - 1 1 5(1 -r ) 
(tesla). 


crease  adequately  with  magnetic  field,  viz.,  (1)  as  //— *  0, 
ap(T)  =  ld^Uix,H,T)/dx^]x-~o  is  finite,  and  (2)  as 
//—  ap{H)<g.air}.  In  these  two  limits  one  recovers 
the  results  of  Eqs.  (2a)  and  (2b)  for  the  pinning  and  flow 
regimes,  and  hence  these  requirements  guarantee  that  a 
crossover  (as  a  function  of  H  at  fixed  to)  exists.  It  should 
also  be  noted  that  the  softening  of  the  pinning  parameters 
can  be  related  to  a  /,(//)  which  decreases  with  increas¬ 
ing  field,  as  is  commonly  observed. 

The  generic  nature  of  the  crossover  implies  that  it 
should  be  present  regardless  of  the  nature  of  the  vortex 
transition.  The  detailed  behavior  of  /?,(//)  will  of  course 
depend  on  the  form  used  for  IJ{T,H)  or  OpiTM).  It 
should  be  possible  to  incorporate  [I2l  appropriate  forms 
relevant  to  flux  lattice  melting  [13],  and  also  disorder, 
which  is  relevant  to  the  vortex  glass  [14]  description.  In 
general,  for  a  first-order  transition  in  which  the  potential 
vanishes,  one  expects  a  sharp  feature  in  R,{H)  in  a  nar¬ 
row  region  of  the  H-T  plane.  Our  work  suggests  that  an 
exploration  [15]  of  the  response  in  the  H-T  plane  near 
the  vortex  transition  could  address  this  issue — here  we 
have  focused  on  the  broad  features. 

The  flux  viscosity  i]{T)  obtained  from  the  analysis  is 
shown  in  Fig.  4.  We  also  obtain  a  measure  of  the  “quasi¬ 
particle  resistivity”  using  p„(7)  “<l>o//f2(7)/rj(r),  where 
//,2(r)“115(l  — f)  (tesla)  (see  below).  This  is  also 
shown  in  Pig.  4.  The  data  imply  that  the  quasiparticle 
scattering  rate  is  decreasing  rapidly  with  7,  as  has  also 
been  observed  in  other  measurements  [16].  This  is  a 
feature  peculiar  to  the  high-7<.  superconductors.  Note 
that  the  magnitude  of  p„  (an  extrapolation  yields  45 
^ Hem  at  90  K)  is  approximately  consistent  with  dc  resis¬ 
tivity  values.  OpiT)  increases  from  1.3x10^  to  1.7x10“* 
N/m^  with  decreasing  7,  comparable  with  Ref.  [17]  for 
single  crystals  over  the  same  7  range.  From  q  and  Up,  we 
can  obtain  fc’“apl2KT\  which  increases  from  3  to  15 
GHz.  (The  analysis  of  these  parameters  is  limited  to 
7<85  K  because  of  the  limited  dynamic  range  of  the 


FIG.  4.  Flux  viscosity  q(7)  vs  7.  Also  shown  is  the  quasi¬ 
particle  resistivity  given  by  p,(7)  ■•Wf2(7)/'I>oq(7).  showing 
the  freezing  out  of  the  scattering  in  the  superconducting  state. 
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data  at  higher  T.) 

Although  Fig.  I  appears  to  be  similar  to  dc  resistivity 
measurements,  the  broadening  of  the  high-frequency 
transition  is  distinctly  dilTerent  from  the  dc  transition. 
This  is  because  the  behavior  of  R,  near  Te  is  dominated 
by  the  penetration  depth,  and  hence  is  closer  in  character 
to  magnetization  data,  even  though  we  are  examining  a 
dissipative  process.  Indeed  it  is  possible  to  quantitatively 
analyze  the  data  and  obtain  TV  (//)  and  hence  Hd,  as  dis¬ 
cussed  below. 

It  is  more  informative  to  analyze  the  high-frequency 
transition  in  terms  of  the  derivative  0/?,/37')h,  which  is 
shown  in  Fig.  5,  rather  than  The  overall  shape 

of  the  curves  in  Fig.  5,  viz.,  the  presence  of  the  peak,  can 
be  understood  in  terms  of  conventional  models  for  the 
condensate,  such  as  BCS  or  two-fluid  (which  we  use  for 
simplicity).  Detailed  numerical  calculations  were  carried 
out  for  (6/?j/0T)h  using  a  unified  expression  (3l  for  the 
impedance: 

\1{H,T)  +  xHco,H,T) 

'  l+i2Xi(H,T)/Slf(H,T,a}) 

and  /?,  “  —  ra/ioIm(X).  For  the  condensate  contribution, 
we  use  two-fluid  approximations  for  simplicity: 

-  lT/T,{H)]*}[\  ~  H/Hd(T)] 
and 

Si/(.H,T)<>:(\-{\-[T/Tc(H)V\[\  -  H/HdiT)])-' . 

Guided  by  these  calculations,  we  obtain  a  measure  of 
TciH)  by  the  following  procedure.  We  obtain  the  shift 
Tc(H)  —  Tc(0)  at  the  peak  point,  and  using  7V(0)”90 
K,  we  obtain  Tf(/T)  at  various  fields.  Although  an  ap¬ 
parent  onset  is  observed  as  high  as  93  K,  we  use  the  value 
of  90  K  based  upon  consistency  with  these  and  other 
transport  measurements.  The  resulting  Tc(H)  is  dis¬ 
played  in  Fig.  3,  and  it  is  noteworthy  that  the  data  has  a 
clearly  linear  behavior.  This  may  be  contrasted  with  at¬ 
tempts  to  obtain  Hei  from  the  dc  resistivity,  which  are 
known  [18]  to  yield  anomalous  results.  The  data  are  well 
described  by  ••  1 15(1  —  t )  (tesla).  This  implies 


TO  BO  90  SB  100 


T(K) 

FIG.  5.  Temperature  derivative  (dl?,/dT)//  of  the  data  in 
Fig,  I.  used  to  obtain  Hri- 


that  —  (<///<.2/dr)r,  “1.28  (T/K),  somewhat  small> 
than  the  value  of  1.9  (T/K)  obtained  by  Welp  et  al.  [18] 

The  model  used  above  as  a  guide  predicts  a  discoi 
tinuity  in  (dR,/BT)H  at  Tc(H),  which  is  not  present 
the  data  due  to  the  rounding  of  the  transition,  likely  di 
to  fluctuations.  A  more  complete  understanding  of  tl 
transition  is  clearly  worthwhile,  and  further  work  inco 
porating  fluctuations  is  underway. 

We  note  that  the  present  high-frequency  measuremcn 
which  have  yielded  Hd  and  a  vortex  field  scale  H* ,  wht 
combined  with  earlier  results  I5,I7]  [6  MHz  \{T,H 
which  measure  Hc\,  have  yielded  the  complete  H- 
phase  diagram  for  YBa2Cu30y.  Thus  the  electrodynam 
measurements  have  a  wide  range  of  sensitivity,  froi 
sub-Oc  to  tesla  fields.  These  measurements  yield  info 
mation  regarding  the  gap  parameter  A(T,//)  in  t) 
Meissner  state,  and  the  pinning  potential  U{T,H)  in  t) 
mixed  state.  While  the  various  field  scales  Hct,  H*,  an 
Hd  are  common  to  other  measurements,  the  dectn 
dynamic  phenomenology  in  different  regions  of  the  pha: 
diagram  are  governed  by  the  short  time  scales  and  hig 
frequencies  that  are  relevant. 
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APPENDIX  15 
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The  CuOj-plane  optical  reflecunce  of  superconducting  La}_,Sr,Cu04  thin  films  (7^  =  31  K)  has  been 
measured  over  a  wide  frequency  and  temperature  range.  The  optical  conductivity  in  the  normal  state  is 
well  described  by  a  temperature-dependent  weak-coupling  (A.«0.25)  free-carrier  term  plus  an  over¬ 
damped,  weakly  temperature-dependent,  midinfrared  component.  The  free-carrier  plasma  frequency  is 
nearly  constant,  =  6300  cm  “ ' ,  whereas  the  relaxation  rate  varies  linearly  with  temperature  above  T,. . 

In  the  superconducting  state,  according  to  our  two-component  approach,  most  of  the  Dnide  oscillator 
strength  condenses  to  a  5(6})  function.  A  two-fluid  analysis  gives  a  rapid  drop  in  the  quasiparticle  damp¬ 
ing  rate  below  T^.  A  reasonable  estimate  (~27SO  A)  for  the  ah-plane  London  p)enetration  depth  is  ob¬ 
tained  from  the  superfluid  density.  We  observe  that  the  midinfrared  strength  increases  below  T^,  sug¬ 
gesting  that  some  (—15%)  of  the  free  carriers  do  not  condense  into  superconducting  pairs  and  may  have 
a  strong  interaction  with  pair-breaking  excitations.  Two  absorption  edges  around  80  cm~‘  (3.7  kgTc) 
and  400  cm"’  (18  are  seen  but  neither  is  assigned  to  the  superconducting  gap.  Comparisons  with 
a  one-component  picture  described  by  a  frequency-dependent  scattering  rate  and  effective  mass  are  made 
and  discussed.  The  far-infrared  nh-plane  phonons  show  systematic  changes  with  temperature,  which  are 
associated  with  the  structural  transition  near  250  K. 


1.  INTRODUCTION  hand,  the  observed  linear  behavior  of  the  dc  resistivity 

for  LSCO  up  to  1 100  K  implies  a  weak  electron-phonon 
Since  the  discovery  of  high-temperature  superconduc-  coupling  for  the  free  carriers.^* 
tors  (HTSC),'’*  tremendous  efforts  have  occurred  in  the  A  lot  of  effort  has  been  made  in  recent  years  to  study 
studies  of  these  cuprate  oxides.  Most  optical  studies  have  the  non-Drude  response  in  the  midinfrared  (MIR)  region 

concentrated  on  the  90-K  transition  temperature  and  to  discover  the  superconducting  energy  gap.  It  has 

YBa2Cu307_8  (YBCO)  system,  which  contains  both  been  observed  that  the  MIR  absorption  is  absent  in  the 

Cu02  planes  and  CuO  chains.  (For  reviews,  see  Refs.  undoped  parent  compounds  such  as  La2Cu04  and 

3-6).  It  has  been  observed,  however,  that  the  quasi-one-  YBa2Cu30j.  For  La2_,SrjjCu04,  Uchida  et  al.^^  have 

dimensional  CuO  chains  in  YBCO  have  a  substantial  reported  that  the  MIR  absorption  band  develops  with  in¬ 
contribution  to  the  optical  conductivity,’’*  which  has  creasing  dopant  concentration  and  then  exhibits  a  satura- 

complicated  the  analysis  of  this  material.  In  contrast,  the  tion  in  the  higher  compositional  range  0.  l£x<0.25. 

La2_,Srj,Cu04  (LSCO)  system,  which  contains  only  sin-  Similar  effects  are  obwrved  in  doping  of  n-type 

gle  Cu02  layers,  has  been  studied  in  most  cases  in  sin-  Pr2_xCe,Cu04  by  Cooper  et  al.^^  As  a  consequence  of 

tered  polycrystalline  samples.’"”  Because  the  LSCO  the  redistribution  of  the  O  2p  and  Cu  3d  orbitals  upon 

materials  are  strongly  anisotropic,  it  is  difficult  to  deter-  doping,  spectral  weight  is  rapidly  transferred  from  the 

mine  the  intrinsic  nature  of  the  CUO2  layers  from  mca-  in-plane  O  2p— »Cu  3d  charge-transfer  (CT)  excitations 

surements  of  polycrystalline  samples.  A  few  optical  mea-  above  2  eV  to  the  free-carrier  absorption  (Drude  band) 

surements,  mostly  restricted  to  room  temperature,  on  and  the  low-energy  excitations  (MIR  band)  below  1.5  eV. 

LSCO  sin^e  crystals  or  thin  films  have  been  made,”"”  Therefore,  both  the  Drude  and  MIR  absorptions  in 

but  we  are  not  aware  of  a  systematic  temperature-  HTSC  appear  to  be  related  to  the  introduction  of  holes 

dependent  optical  study  on  the  oriented  samples  of  this  on  the  CuOj  layers  (or  CuO  chains)  by  doping.  For 

material.  LSCO,  the  CT  gap  becomes  weaker  or  fills  in  and  the 

It  is  widely  believed  that  the  electron-phonon  interac-  phonons  are  obscured  as  holes  are  added  upon  substitut- 

tion  plays  a  minor  role  in  the  superconductivity  for  ing  Sr^’^  for  La’'*'.  In  contrast  to  these  changes,  the  plas- 

YBCO  materials.  However,  a  significant  isotope  shift  ma  minimum  in  the  reflectance  is  pinned  at  0.9  eV  and 

(0=0.2)  due  to  partial  substitute  of  '*0  for  ”0  in  insensitive  to  the  dopant  concentration.”' 

La,  g,Sro.isCu04  has  been  observed  and  interpreted  as  Although  there  is  fairly  good  agreement  among  various 
evidence  for  strong  electron-phonon  coupling.”'”  This  groups  for  the  optical  conductivity  of  the  high-T^  copper 

implies  that  phonons  may  still  play  an  important  role,  if  oxides,  the  interpretation  of  these  results  still  remains 

not  a  key  role,  in  the  pairing  mechanism.  On  the  other  controversial.  In  no  case  can  the  normal-state  infrared 
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conductivity  be  described  by  a  simple  Drude  model.  In 
many  studies,^ this  non-Drude  conductivity  has 
been  described  by  a  two-component  approach:  a  narrow, 
strongly  temperature-dependent  Drude  absorption  cen¬ 
tered  at  the  origin  and  a  broad,  nearly  temperature- 
independent  midinfrared  band.  The  Drude  absorption  is 
due  to  the  free  carriers  which  are  responsible  for  the  dc 
transport  and  which  condense  into  a  superfluid  below 
whereas  the  MIR  absorption  is  due  to  the  bound  carriers 
which  have  a  semiconductorlike  gap.  An  alternative  is  a 
single-component  approach:  all  of  the  infrared  absorp¬ 
tion  is  due  to  one  type  of  carrier,  with  a  strong  frequency 
dependence  in  the  scattering  rate  and  effective  mass. 
This  approach  also  leads  to  a  broad  range  of  optically 
inactive  excitations  in  the  midinfrared  region,  and  has 
been  described  in  the  framework  of  the  “marginal  Fermi 
liquid”^^  (MFL)  and  “nested  Fermi  liquid”  (NFL).^* 

In  this  paper,  we  present  the  in-plane  spectra  of 
reflectance  9tlo),T)  and  conductivity  a(<a,T)  of  a  high- 
quality  La2_j(Srj5Cu04  film  over  a  wide  frequency  range 
of  30-40  (XX)  cm“'  (4  meV-5  eV)  and  for  temperatures 
between  5  and  350  K.  We  make  an  extensive  optical 
study  on  the  infrared  dynamics  of  the  film.  In  Sec.  II,  the 
sample  preparation  and  the  characteristic  transport  prop¬ 
erties  are  discussed.  We  also  describe  in  detail  the  optical 
measurement  technique  and  discuss  the  uncertainties  in 
the  Kramers-Kronig  (KK)  analysis.  Section  III  presents 
the  spectra  of  reflectance  and  other  optical  functions  de¬ 
rived  from  the  KK  analysis.  Details  of  the  infrared  pho¬ 
nons  and  optical  conductivity  a(©)  in  the  normal  and  su¬ 
perconducting  states  are  discussed.  Comparisons  of  the 
normal-state  data  to  both  two-  and  one-compound 
descriptions  of  the  optical  dielectric  function  are  also 
made  in  Sec.  III.  Finally,  the  conclusions  are  summa¬ 
rized  in  Sec.  IV. 

n.  EXPERIMENT 
A.  Sample  characteristics 

La2_xSr^Cu04  films  were  prepared  by  off’-axis  dc  mag¬ 
netron  sputtering.  Details  of  sample  preparation  and  dc 
transport  properties  have  been  described  previously.^* 
Films  were  grown  on  SrTi03  or  LaA103  substrates.  Both 
kinds  of  substrates  have  a  perovskite  structure  which  en¬ 
ables  a  good  lattice  match  with  the  films.  Parameters  of 
the  samples  are  summarized  in  Table  I.  Thinner  films 
(270  nm  thickness)  were  transparent  enough  that  some 
features  of  the  substrate  could  be  seen  in  the  reflectance 
spectra.  Consequently,  the  work  described  here  will 
focus  on  an  especially  thick  film  with  thickness  greater 
than  the  electromagnetic  penetration  depth  (d>S)  to 
avoid  the  substrate  complications.  This  film,  grown  on 


_ TABLE  1.  La2-jSr,Cu04  thin-film  characteristics. _ 

Thickness  Area  T 

Sample  no.  (nm)  (mm^)  x  (K)  (K)  Substrate 

1.2  270  6. 3X6.3  0.15  27  1.5  LaAIO, 

_ _ 3 _ 820  10X10  0.17  31  1.5  SrTiOi 


FIG.  1.  X-ray-diffraction  pattern  for  a  La2-xSr,Cu04  thin 
film  grown  at  the  same  time  as  the  one  used  this  work.  The  film 
was  grown  on  a  SrTiOj  substrate,  and  the  growth  orientation 
can  be  seen  in  this  figure. 

the  (100)  face  of  a  SrTi03  substrate,  has  dimensions  of  10 
mmXlO  mm  X  820  rim.  Figure  1  shows  an  x-ray- 
diflraction  pattern  for  a  film  grown  at  the  same  time  as 
the  film  used  for  infrared  measurements,  showing  that  it 
is  highly  ah-plane  oriented.  In  addition  to  its  c-axis  tex¬ 
ture,  the  film  is  epitaxial.  That  is,  the  [100]  and  [010] 
directions,  which  lie  in  the  plane  of  the  film,  are  parallel 
to  the  [100]  and  [010]  directions  in  the  substrate.  The 
ab-plane  dc  resistivity,  shown  in  Fig.  2,  displays  a  sharp 


Temperoture  (K) 

FIG.  2.  Resistivity  in  the  at  plane,  as  a  function  of  tempera¬ 
ture,  for  the  same  Laj.^SriCuO*  film  (x~0. 17)  as  shown  in 
Fig.  1 .  The  inset  shows  an  expanded  view  of  the  region  near 
for  the  same  sample  and  compares  the  resistive  transition  to  the 
inductive  transition.  The  lines  connecting  points  are  guides  to 
the  eye. 
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superconducting  transition  near  —  3 1  K  with  a  transi¬ 
tion  width  Ar^=:1.5  K.  The  normal-state  resistivity  is 
roughly  linear  in  temperature  with  a  nearly  zero  inter¬ 
cept,  i.e.,  of  the  form  of  p{T)=pQ+aT  (a~1.2 
fiCl  cm/K).  Deviations  from  this  behavior  are  evident  in 
the  plateau  below  ~  100  K.  The  inset  in  Fig.  2  shows 
that  the  inductive  transition,  as  measured  by  the  change 
of  inductance  of  a  coil  placed  against  the  him,  is  at  ap¬ 
proximately  2-K  lower  temperature  than  the  resistive 
transition  and  has  about  the  same  transition  width.  The 
composition  of  the  film  is  at  an  optimum  value  (x  ~0. 17) 
for  the  superconductivity.  The  resistivity  is  consistent 
with  the  published  reports  of  good  quality  LSCO  crvs- 
tals.“-^' 

B.  Infrared  measurements  and  uncertainties 

The  reflectance  measurements  were  performed  using 
two  spectrometers  with  a  variety  of  light  sources,  beam¬ 
splitters,  and  detectors  for  different  overlapping  frequen¬ 
cy  ranges.  The  angle  of  incidence  of  the  incident  light 
was  about  1 1*  from  the  surface  normal,  so  that  the  elec¬ 
tric  field  of  the  infrared  radiation  was  dominantly  parallel 
to  the  ab  plane.  Reflectance  spectra  in  the  far-  and 
midinfrared  range  30-4000  cm“*  (4-500  meV)  were 
measured  using  a  Bruker  113  v  fast  scanning  Fourier 
transform  interferometer  with  a  4.2-K  bolometer  detector 
(30-600  cm~')  and  a  B-doped  Si  photoconductor 
(450-4000  cm"').  At  higher  frequencies  of  l(X)0-40000 
cm"'  (0.125-5  eV),  the  reflectance  was  measured  with  a 
Perkin  Elmer  16U  grating  monochromator.  The 
reflectance  was  calibrated  with  a  reference  mirror  of 
2000-A-thick  aluminum  evaporated  on  an  optically  pol¬ 
ished  glass  substrate.  The  sample  and  A1  mirror  refer¬ 
ence  were  mounted  on  a  helium-cooled  cold  tip,  along 
with  a  silicon  thermometer  and  a  resistance  heater,  to  al¬ 
low  the  temperature  to  be  varied  from  5  to  350  K.  The 
sample  and  reference  could  be  exchanged  by  rotating  the 
cryostat. 

As  the  overall  scale  of  the  reflectance  is  very  crucial  to 
the  analysis  of  HTSC,  we  carefully  tested  the  stability 
and  measured  the  absolute  reflectance  at  each  tempera¬ 
ture.  Thermal  contraction  of  the  sample  holder  and  posi¬ 
tion  variation  between  the  sample  and  reference  were  also 
compensated  for.  In  order  to  study  the  temperature 
dependence  of  the  midinfrared  band  and  the  plasma  edge, 
we  measured  the  reflectance  at  each  temperature  up  to 
4000  cm"'  (0.5  eV),  and  at  selected  temperatures  up  to 
40 (XX)  cm"'  (5  eV).  The  coincidence  of  spectra  in  each 
of  the  overlap  frequency  range  was  usually  within  0.5%. 
As  the  film  thickness  (820  nm)  was  much  greater  than  the 
penetration-skin  depth  (~250  nm),  features  attributable 
to  the  SrTi03  substrate  effect  were  not  detected.  Because 
the  sample  surface  was  extremely  smooth  and  shiny, 
specular  reflection  was  assumed  and  there  was  no  need  to 
coat  the  sample  with  a  metai  film  to  correct  for  diffuse 
scattering  losses.  Also,  the  large  sample  area  (1  X  1  cm^) 
enabled  us  to  obtain  a  high  signal-to-noise  ratio,  making 
it  unnecessary  to  smooth  the  data  for  analysis. 

The  experimental  uncertainty  in  our  reflectance  mea¬ 
surements  is  estimated  to  be  =0.5%.  This  error  arises 
mainly  from  the  difficulty  in  establishing  precise  optical 


alignment  as  the  reference  and  the  sample  are  inter¬ 
changed,  and  partly  from  the  slight  temperature  depen¬ 
dence  of  the  A1  reflectance  at  low  frequencies.  This  small 
uncertainty  in  JKa),  however,  will  cause  a  larger  pro¬ 
pagated  error  at  low  frequencies  in  the  optical  conduc¬ 
tivity  a(o})  generated  by  the  Kramers-Kronig  transfor¬ 
mation. 

C.  Kramers-Kronig  analysis 

After  obtaining  satisfactory  results  for  a  wide  range  of 
reflectance  spectra  ^(w),  we  have  confidence  in  using  the 
KramersrKronig  transform  to  determine  the  real  part  of 
the  optical  conductivity  (t,(£u),  a  more  fundamental 
quantity  than  ^(co)  for  describing  particle-hole  excita¬ 
tions  of  a  material  by  the  absorption  of  photons  of  energy 
fui>.  In  principle,  the  KK  integral  requires  a  knowledge 
of  !R{ct>)  at  all  frequencies.^’  Thus,  reasonable  and  careful 
extrapolations  of  the  reflectance  beyond  the  measured 
range  must  be  made. 

I.  High-frequency  extrapolation 

The  high-frequency  extrapolation  usually  has 
significant  influence  on  the  results,  primarily  on  the  sum 
rule  derived  from  the  optical  conductivity.  This  effect 
has  been  reduced  by  merging  our  data  to  the  reflectance 
spectra  of  Tajima  et  which  extend  up  to  37  eV 
(3{X)(X)0  cm"').  We  find  their  spectra  are  in  excellent 
agreement  (within  ±0.8%  in  absolute  reflectance)  with 
our  high-frequency  data  at  room  temperature. 

After  careful  measurements,  however,  we  observe  a 
significant  decrease  in  the  overall  level  of  at  fre¬ 
quencies  above  the  plasma  edge  (~7000  cm"')  as  the 
temperature  is  lowered  below  250  K.  This  decrease  per¬ 
sists  up  to  40000  cm"',  the  upper  limit  of  our  experimen¬ 
tal  data,  the  reflectance  at  250  K  being  about  80%  of  that 
at  room  temperature  in  this  frequency  region.  However, 
as  the  temperature  is  further  decreased  below  250  K, 
aside  from  the  steepening  of  the  plasma  edge,  there  is 
very  little  temperature  dependence  down  to  5  K  in  this 
high-frequency  region  as  shown  in  Fig.  3.  We  have  care¬ 
fully  repeated  the  measurements  several  times  and  found 
this  behavior  reproducible  in  both  the  cooling  and  warm¬ 
ing  process.  At  the  same  time,  we  have  observed  no 
change  at  all  temperatures  in  the  signal  level  reflected 
from  the  A1  reference  which  has  been  mounted  near  the 
sample.  In  addition,  the  reflectance  remains  unchanged 
as  the  sample  is  heated  up  from  300  to  350  K.  These 
tests  have  convinced  us  that  the  extraneous  influence 
such  as  thermal  expansion-contraction  of  the  sample 
holder  or  condensation  of  water  on  the  sample  can  be 
ruled  out.  We  therefore  have  readjusted  the  high- 
frequency  room-temperature  reflectivity  given  by  Tajima 
et  al. with  a  factor  of  5%  increase  in  the  range  5-8  eV, 
but  no  change  above  this  range,  before  appending  it  to 
our  data  for  temperatures  below  250  K.  After  doing  so, 
we  have  assumed  a  free-electron  asymptotic 

behavior,  above  37  cV.  These  changes  preserve  the  sum 
rule  at  20  eV. 
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FIG.  3.  Temperature  dependence  of  the  reflectance  in  the  in¬ 
terband  region.  There  is  a  remarkable  change  inlRia))  between 
300  and  2S0  K  but  no  appreciable  change  above  or  below  this 
temperature  range. 


2.  Low-frequeney  extrapolation 

The  low-frequency  extrapolation  is  equally  important. 
We  find  that  using  the  Hagen-Rubens  relation, 
.??(<»)= 1  —  A  Vw,  for  the  normal  state  leads  to  a  slightly 
depressed  conductivity  near  the  low-frequency  end  fol¬ 
lowed  by  a  sharp  rise  towards  zero  frequency.  This  dis¬ 
tortion  may  afifect  the  estimate  of  the  dc  conductivity  and 
also  of  the  sum  rule,  from  which  we  want  to  find  the  su¬ 
perconducting  condensate  by  calculating  the  missing  area 
below  Tg.  Since  the  Hagen-Rubens  relation,  a  good  ap¬ 
proximation  for  ordinary  metals,  seems  not  appropriate 
for  the  HTSC  because  of  the  presence  of  phonons  and  of 
low-frequency  (midinfrared)  absorption  processes,  we 
make  a  least-squares  fit  to  the  optical  conductivity, 
a|(ai),  derived  from  the  initial  KK  transform  ofHHa)  us¬ 
ing  a  two-component  dielectric  function  (Drude  plus 
midinfrared  and  phonon  oscillations): 


e{a>)=  — 


(I) 


££- 


<o^+io/T 


+  2  , 

/-I  "I 


(0\ 


PJ 


■tcoyj 


(1) 


where  the  first  term  is  a  Drude  oscillator  described  by  a 
plasma  frequency  cOpp  and  a  relaxation  time  r  of  the  free 
carriers;  the  second  term  is  a  sum  of  oscillators  for  midin¬ 
frared  and  phonon  absorptions  with  lOj,  cOpj,  and  yj  being 
the  resonant  frequency,  strength,  and  width  of  the  yth 
Lorentz  oscillator;  and  the  last  term  is  the  high- 
frequency  limit  of  €(a)).  This  last  parameter  is  found 
from  a  fit  to  Jtio)). 

Using  the  fit  parameters,  we  recalculate  the  low- 
frequency  reflectance  for  the  normal  state.  Then,  after 
extending  the  experimental  ^ia)  with  this  calculated 


reflectance,  a  second  KK  transform  is  made.  The  results 
of  this  “second”  Ojlw)  give  a  more  reasonable  low- 
frequency  behavior.  In  the  superconducting  state,  we 
have  used  the  formula  =  as  the  way  that  Ji 

goes  to  unity.  For  temperatures  well  below  Tg,  the  low- 
f^requency  reflectance  is  nearly  constant,  with  some  noise 
fluctuations  around  unity.  We  have  set  .??  =  1  in  this  re¬ 
gion  for  the  KK  transformation.  As  mentioned  earlier, 
the  experimental  .  uncertainty  in  is  about 

A^  =  ±0.5%.  As  *■!  at  low  ca  and  low  T,  the  KK 
transform  will  give  propagated  error  in  cr,((a) — primarily 
coming  from  the  propagated  error  in  the  real  index 
of  refraction  n{(o) — roughly  equal  to  Aai/a, 
=  i.e.,  the  percentage  uncertainty 

in  O]  is  about  1  /( 1  —Ji )  times  higher  than  that  in  !R.  We 
will  address  this  issue  later. 

in.  RESULTS  AND  DISCUSSION 
A.  Infrared  phonons 

Figure  3  shows  the  measured  ah-plane  reflectance 
of  a  La2_xSr,Cu04  thin  film  on  a  linear  scale. 
The  low-frequency  behavior  is  shown  in  Fig.  4  at  several 
temperatures.  The  inset,  which  is  plotted  on  a  logarith¬ 
mic  frequency  scale  for  the  entire  measured  frequency 
range  at  three  typical  temperatures,  illustrates  the  strong¬ 
ly  damped  plasma  edge  around  0.8  eV  (6000  cm~')  and 
the  interband  features  around  the  visible  region.  As  we 
can  see  from  Fig.  4,  fHo,T)  increases  over  a  broad  fre¬ 
quency  range  with  decreasing  temperature,  as  expected. 
A  few  infrared-active  phonons  in  the  ah-plane  are  visible. 
These  phonons  are  more  obvious  in  the  spectrum  than  in 
the  case  of  This  indicates  that  the 

LSCO  crystal  has  a  lower  free-carrier  concentration  and 


RG.  4.  Measured  reflectance  yHu)  at  selected  temperatures 
between  S  and  300  K.  The  inset  shows  the  same  data  over  the 
entire  measured  frequency  range  (note  the  logarithmic  frequen¬ 
cy  scale). 
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a  higher  vibrational  oscillator  strength.  The  phonon  pa¬ 
rameters  can  also  be  extracted  from  ct,(«),  the  real  part 
of  the  optical  conductivity,  shown  in  Fig.  5.  Of  the  seven 
IR-active  phonon  modes  (iAju  +4F„ )  expected  at  the  F 
point  for  the  body-centered  tetragonal  Dll-IA/mmm 
symmetry,  three  distinct  ab-plane  £„  modes  are  observed 
at  126,  359,  and  681  cm~'  for  7  =  300  K.  These  eigenen- 
ergies  are  close  to  those  previously  reported  by  Collins 
et  al.,'^  132,  358,  and  667  cm“',  from  a  room- 
temperature  reflectance  study  of  a  LSCO  single  crystal. 
These  three  phonons  have  been  assigned  as  external, 
bending,  and  stretching  modes,  respectively.^*’^’  More 
details  regarding  the  phonon  mode  assignment  have  been 
reported  in  Ref.  40. 

1.  Structural  phase  transition 

We  note  that  the  lowest  phonon  mode  at  (0=126 
cm~',  corresponding  to  an  in-plane  translational  vibra¬ 
tion  of  the  La  atoms  against  the  CuO^  octahedron  unit, 
broadens  and  splits  into  two  distinct  modes  as  7  de¬ 
creases  below  250  K.  The  splitting  begins  at  the 
tetragonal-to-orthorhombic  structural  transition  which 
involves  a  staggered  rotation  of  CuO^  octahedron.  At 
200  K,  the  degeneracy  of  the  two  modes  is  lifted  but  their 
energies  are  so  close  that  they  can  barely  be  resolved. 
The  splitting  develops  upon  further  cooling  as  depicted  in 
Fig.  6.  Similar  results  in  neutron-scattering  measure¬ 
ments  have  been  reported  and  associated  with  a  soft  pho¬ 
non  mode.^'  For  comparison,  the  inset  in  Fig.  6  shows 
the  results  of  Keane  et  al.*^  for  the  in-plane  lattice  con¬ 
stants  of  a  La,  g5Sro  15CUO4  sample  as  a  function  of  tem¬ 
perature.  The  structural  distortion  is  evident  in  their 
dau  at  7:S200K. 


0  200  400  600  800 
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FIG.  5.  The  real  part  of  the  a6-plane  conductivity  Oiio))  de¬ 
rived  from  the  Kramers-Kronig  transformation  of  the 
reflectance  data  in  Fig.  4.  The  inset  shows  the  entire  measured 
frequency  range. 


Temperature  (K) 

FIG.  6.  The  in-plane  phonon  frequency  as  a  function  of  tem¬ 
perature  (the  lines  are  guides  to  the  eye).  For  comparison,  the 
inset  shows  the  results  of  Keane  et  al.  for  the  T-dependent  06- 
plane  lattice  constants  of  La,.j}Srft,5CuOt  (Ref.  42). 


2.  Frequency  shift  and  lifetime 

We  also  observe  that  the  Cu-O  stretching  mode  at  68 1 
cm”'  hardens  by  13  cm”'  as  the  sample  cools  from  3(X) 
to  1(X)  K,  as  expected  for  thermal  contraction.  It  stops 
shifting,  however,  upon  further  cooling.  In  contrast,  the 
frequency  of  the  Cu-O  bending  mode  at  359  cm”' 
remains  constant  at  all  temperatures  yet  exhibits  a  discer¬ 
nible  splitting  at  low  7.  We  thus  conclude  that  the 
stretching  mode  is  much  more  sensitive  to  the  Cu-O  bond 
length  than  the  bending  mode.  Tajima  et  al.^*  have  re¬ 
cently  found  a  similar  result  when  they  measured  the 
room-temperature  phonon  frequencies  of  different  cu¬ 
prates  with  different  lattice  constants  a  but  almost  the 
same  reduced  mass  by  substituting  the  La  atom  by  other 
rare-earth  elements.  A  similar  effect  has  also  been  ob¬ 
served  in  the  T'-REiCuO^  system  by  Herr  et  al.*^  In 
our  case  the  absence  of  further  hardening  at  lower  tem¬ 
peratures  is  probably  due  to  the  fact  that  the  real  part  of 
the  phonon  self-energy  2ph  =  A  + /T  has  three  contribu¬ 
tions; 

A(7)=A""(7)  +  A"’(n  +  A'^  (7)  ,  (2) 

where  A"”  accounts  for  thermal  expansion.  A*"  and  A'^’ 
for  the  cubic  and  quartic  anharmonic  terms  in  the  lattice 
potential,  respectively.  These  contributions  are  generally 
of  the  same  order  of  magnitude  but  may  have  different 
signs.  Thus,  A‘°’  may  be  compensated  by  the  sum  of 
A"I-j.a<2>  at  low  temperatures.  Another  possibility  is  the 
saturation  of  the  7  dependence  of  all  three  contributions 
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below  100  K.  Such  an  effect  has  been  found  in  silver  and 
thallium  halides.^  Indeed,  Tranquada,  Heald,  and 
Moodeneabaugh**  and  Keane  et  al*^  have  observed  that 
the  interatomic  distances  of  La2_,Sr,Cu04  saturate 
below  100  K. 

It  has  been  reported^’ that  the  two  lower-lying  IR- 
active  phonons  at  149  and  190  cm“‘  for  YBajCujOT 
ceramic  samples  narrow  dramatically  but  have  no  soften¬ 
ing  upon  entering  into  superconducting  state.  In  con¬ 
trast,  the  phonons  above  275  cm“'  exhibit  the  opposite 
behavior  (i.e.,  little  change  in  width  but  apparent  soften¬ 
ing  below  T^).  The  anomalous,  dramatic  narrowing  in 
phonon  widths  for  YBa2Cu307_s  has  been  attributed  to 
the  disappearance  of  interaction  between  electrons  and 
phonons  with  energies  less  than  the  superconducting  gap 
when  the  electrons  condense  into  Cooper  pairs  below 
The  phonon  lifetime  will  increase  as  a  result  of  de¬ 
creased  probability  of  colliding  with  quasiparticles,  be¬ 
cause  the  number  of  quasiparticle  excitations  decreases 
rapidly  below  T^.  The  frequency  shift  has  been  explained 
within  the  framework  of  conventional  strong-coupling 
theory.^*  It  is  interesting  that  such  a  narrowing  effect  ob¬ 
served  in  YBCO  ceramic  samples  has  not  been  seen  in 
single  crystals.*’'^  Note  in  both  cases  the  observed  pho¬ 
nons  are  the  c-axis  modes,  because  the  uh-plane  phonon 
modes  are  screened  by  the  strong  plasmon  background. 
The  difference  between  these  two  cases  may  be  attributed 
to  the  fact  that  YBa2Cu307  is  insulating  along  the  c  direc¬ 
tion  hence  the  c-axis  modes  in  the  oriented  samples  do 
not  sense  the  change  when  the  free  carriers  condense  into 
the  superfluid,  whereas  the  same  c-axis  phonons  in  the 
randomly  oriented  samples  may  be  affected  by  the  ab- 
plane  carriers  due  to  intergrain  hopping.  In  any  event, 
we  do  not  see  a  dramatic  T  dependence  in  the  observed 
uh-plane  phonons  for  La2-x^^x^u04,  perhaps  because 
the  lowest  phonon  mode  at  126  cm  is  far  above  the 
BCS  gap  energy,  which  would  be  ~80  cm“'  for  a 
r^  =  31-K  sample. 

B.  Two-component  approach 


FIG.  7.  The  imaginary  part  of  the  conductivity,  02(0)),  show¬ 
ing  the  inductive  response.  The  inset  plots  the  same  data  in  the 
entire  measured  frequency  range. 

much  more  slowly  than  the  dependence  that  one  ex¬ 
pects  in  a  Drude  model.  Additionally,  a,(m)  has  much 
weaker  temperature  dependence  at  high  frequencies  than 
at  low  frequencies.  This  “non-Drude”  behavior,  which 
is  universal  for  all  copper  oxide  superconduc- 
tors,^“*’^*“ can  be  described  in  a  two-component 
picture,  in  which  a  narrow  (with  a  width  of  order  kgT) 
and  strongly  T-dependent  free  carrier  (Drude)  absorption 
peaked  at  a>=0  combines  with  a  broad  bound-carrier 
(MIR)  absorption  centered  at  higher  frequencies.  Ac¬ 
cording  to  this  picture,  the  cuprates  are  viewed  as  con¬ 
sisting  of  two  types  of  carriers;  free  carriers  which  track 
the  dc  conductivity  above  and  which  condense  to  su¬ 
perconducting  pairs  below  T^,  and  bound  carriers  which 
are  responsible  for  the  broad  MIR  excitation.  The  dielec¬ 
tric  function  is  made  up  of  four  parts: 


Returning  to  the  conductivity  spectra  shown  in  Fig.  5, 
we  note  that  the  normal  state  a^{cl),T]  at  the  low- 
frequency  limit  is  nearly  equal  to  the  dc  conductivity  and 
exhibits  a  Drude  response.  A  definite  loss  of  spectral 
weight  can  be  seen  at  30  K  for  cu  <  150  cm~ ',  implying  a 
shift  of  weight  to  the  origin  accompanying  the  supercon¬ 
ducting  condensation.  At  T  <<7^,  the  inductive  current, 
governed  by  the  imaginary  part  of  the  complex  conduc¬ 
tivity  Oj,  is  dominant  for  a><  150  cm~'.  It  diverges  as 
oi—*0,  showing  an  A  /(o  dependence  as  demonstrated  in 
Fig.  7.  The  constant  A  is  associated  with  the  strength  of 
the  superconducting  condensate  and  the  London  penetra¬ 
tion  depth.  However,  when  <u>  150  cm~',  0-2 
slowly,  deviating  significantly  from  a  l/co  dependence. 
Above  r,,  <72  changes  slope  at  low  frequencies  and  extra¬ 
polates  to  the  origin;  the  maximum  moves  to  higher  fre¬ 
quency  and  decreases  with  increasing  temperature,  as  ex¬ 
pected. 

In  contrast  to  the  simple  free-carrier  response,  at 
a>>30U  cm"',  the  normal-state  (r,(<u)  in  Fig.  5  decays 


e(  W )  — fp  +  CmIR  f  phonon  f  1 


(3) 


where  is  the  free  carrier  or  normal  Drude  interband 
contribution;  is  the  bound-carrier  contribution; 

phonon  phonon  contributions,  a  sum  of  harmonic 

oscillators;  and  is  the  high-frequency  contribution. 

To  decompose  the  total  conductivity  into  two  com¬ 
ponents,  we  can  assume  that  the  conductivity  at  5  K, 
afici),  5  K),  is  a  good  first  approximation  of  <7|mir>  name¬ 
ly*  o’imir"‘^i^^>5  K),  for  the  Drude  part  is  presumed  to 
have  collapsed  to  a  5((u)  function.  Thus,  the  Drude  con¬ 
ductivity  at  higher  temperatures  can  be  initially  estimat¬ 
ed  by  subtracting  <7,(<it>,5  K)  from  the  experimental 
(T|(<u,r),  namely,  <7i/) ”“<7i  — <7|mir.  Here  the  super¬ 
scripts  denote  the  number  of  iterations.  Since 

‘^it>  =  T - .  (4) 

4ir  l-HwV 

we  can  determine  o/pp  and  I  /r  from  a  linear  fit  to  1  /tr'ip 
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vs  o)^.  Once  (Opo  and  1  /t  are  determined  from  the  slope 
and  the  intercept  of  this  straight  line,  we  can  again  esti¬ 
mate  the  midinfrared  conductivity  from  the  difference  be¬ 
tween  a  calculated  Drude  conductivity  and  the  measured 
conductivity,  namely,  CTi/),  where  <7,0  is 

calculated  according  to  Eq.  (4).  By  averaging  at 

temperatures  above  T^,  we  find  the  average 
[or  cr^^.(o,  5  K)],  but  there  are  noticeable 
differences.  Therefore,  we  repeat  the  above  procedure 
with  cr'iMiR  replacing  cr  i^jk,  and  find  convergence  after  a 
few  iterations. 

1.  The  free-canier  component:  UfO  and  r 

Figure  8  illustrates  the  comparison  between  the  free- 
carrier  contribution,  <r|  — (oimir),  and  the  calculated 
Drude  conductivity.  This  figure  shows  that  the  conduc¬ 
tivity  is  in  good  agreement  with  the  ordinary  Drude  be¬ 
havior  after  the  MIR  component  is  subtracted.  The 
Drude  plasma  frequency,  =6300±100  cm“',  ob¬ 
tained  from  the  above  analysis,  is  essentially  T  indepen¬ 
dent,  whereas  1/t  is  linear  in  T.  Writing  ft/T^lTrkkgT, 
we  obtain  a  weak-coupling  value  for  the  coupling  con¬ 
stant,  A. =0.23.  This  small  value  of  A.  is  consistent  with 
the  observed  absence  of  saturation  up  to  1 100  fC  for  the 
dc  resistivity.^*  Taking  the  Fermi  velocity  in  the  basal 
plane  to  be  Ujr=2.2XIO^  cm/s,  as  calculated  by  Allen, 
Pickett,  and  Krakauer**  for  La,  gjSro.,5Cu04,  and  using 
our  relaxation  rate  we  can  estimate  the  mean  free  path  to 
be 

f  _  /../»!>  100  K 

/=i;p.Tw(110  A) — ~ —  .  (5) 

At  r  =  1000  K,  /  ~  1 1  A,  which  is  still  longer  than  the  in¬ 
teratomic  spacing  a  (here  taken  to  be  3.8  A,  the  in-plane 
lattice  constant).  The  resistivity  is  expected  to  saturate  if 
l^a,  because  the  mean  free  path  can  no  longer  be  prop¬ 
erly  defined  in  this  region.’’  On  the  other  hand,  at  a  tem- 


FIG.  8.  The  Drude  conductivity,  obtained  by  subtracting  the 
averaged  midinfrared  contribution  from  the  total  conductivity. 
The  solid  curves  are  Drude  fits  to  the  data. 


perature  close  to  T^,  the  mean  free  path  /  [e.g., 
^5ok~220  a  according  to  Eq.  (5)]  is  much  longer  than 
the  coherence  length  5  ( ~  10  A).  It  is  this  case  that 
places  the  HTSC  in  the  “clean  limit,”  which,  in  turn, 
gives  a  significant  impact  on  the  observability  of  the  su¬ 
perconducting  gap. 

Figure  9  depicts  the  temperature  dependence  of  1  /r  in 
comparison  with  calculated  from  the  measured 

four-probe  dc  resistivity  and  the  value  of  0)^,0  found 
above, 

(l/^>dc=^Pdc-  (6) 

As  seen  in  Fig.  9,  or  decreases  quasilinearly 

from  room  temperature  followed  by  a  plateau  and  then  a 
sudden  drop  as  the  temperature  approaches  whereas 
the  far-infrared  scattering  rate  shows  a  quasilinear  T 
variation  followed  by  a  faster-than-linear  drop  ( 1  /r~  T^) 
below  T^.  This  is  evident  when  the  same  data  are  plotted 
on  a  log-log  scale,  as  shown  in  the  inset  of  Fig.  9.  The  ex¬ 
cellent  agreement  in  both  the  slopes  and  overall  levels  be¬ 
tween  the  dc  transport  and  infrared  measurements 
strengthens  our  confidence  in  the  determination  of  the 
normal-state  plasma  frequency  67^^)  and  scattering  rate 
1  /r.  The  sudden  drop  in  1  /r  just  below  is  interesting 
and  has  received  considerable  attention  recently.  Such 
observations  on  quasipanicle  damping  have  been  report¬ 
ed  previously  for  laser-ablated  YBRjCujOt.s  films’*” 
and  a  free-standing  Bi2Sr2CaCu20g  crystal.’^’’*  Similar 


0  so  ICO  ISO  200  250  300 

Temperature  (K) 

FIG.  9.  Drude  scattering  rate,  1  /r,  as  a  function  of  tempera¬ 
ture.  For  comparison  are  shown  the  valr^s  obtained  from  fits  to 
the  infrared  conductivity  (diamond  symbols)  and  the  ones  es¬ 
timated  from  the  measured  dc  resistivity  (dashed  lines).  Note 
both  of  these  two  cases  e,\hibit  a  small  negative  intercept  due  to 
a  slight  deviation  from  T  linear  dependence.  This  is  illustrated 
in  the  inset  plotted  on  a  log-log  scale.  The  slope  of  the  solid 
straight  line  gives  a  power  of  1.1  instead  of  1  to  temperature  T. 
Below  r,,  the  quasiparticle  damping  rate  has  a  sudden  drop  and 
goes  roughly  as  1  /t~  TT 
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behavior  has  also  been  found  for  YBCO  and  BSCCO  in 
femtosecond  optical  transient  absorption  experiments.^’ 
This  result  may  suggest  that  the  excitation  that  scatters 
the  free  carriers  is  also  strongly  suppressed  below  T^,  or 
forms  its  own  gap,  as  the  free  carriers  condense.  Another 
interpretation  is  that  the  number  of  unoccupied  states 
available  near  the  Fermi  levels  decreases  rapidly  as  a  re¬ 
sult  of  the  depression  of  the  density  of  quasiparticle  states 
near  Ef  as  the  gap  opens,  causing  a  dramatic  decrease  in 
the  probability  of  quasiparticle  elastic  scattering.  Nicol 
and  Carbotte^  have  recently  calculated  the  quasiparticle 
scattering  rate  and  found  such  a  fast  drop  within  the  phe¬ 
nomenological  marginal  Fermi-liquid  model.  However, 
due  to  the  large  error  bars  at  low  frequencies  (below  100 
cm“')  and  the  limited  number  of  temperatures  below 
(31  K)  in  our  data,  we  are  unable  to  observe  a  "coher¬ 
ence”  peak  in  <7i(7’),  as  has  been  calculated  by  Nicol  and 
Carbotte“  and  found  in  YBCO  by  Nuss  et  and  in 
BSCCO  by  Romero  et  al. 

2.  The  midin/rared  absorption 

Figure  10  presents  the  MIR  conductivity  in  the  normal 
and  superconducting  states.  This  quantity  is  obtained  by 
subtracting  the  calculated  free-carrier  contribution 
(shown  in  Fig.  8  as  solid  lines)  from  the  total  conductivi¬ 
ty.  Some  features  that  are  common  at  all  temperatures 
include  an  onset  near  80  cm“',  a  maximum  around  250 
cm~',  a  notchlike  structure  at  400  cm~',  and  a  broad 
peak  around  800  cm  ~ As  we  can  see,  the  MIR  conduc¬ 
tivity  a  CO,  T)  has  a  relatively  weak  temperature 
dependence.  There  do  appear  to  be  three  distinct  temper¬ 
ature  regimes;  >250  K,  7^  —  200  K,  and  below  T^.  In 
each,  there  is  a  noticeable  conductivity  increase  in  the  re¬ 
gion  of  150-1500  cm”'  compared  to  the  higher- 
temperature  regime.  The  enhancement  is  more  obvious 
for  T  <T^  and  will  be  discussed  below. 


FIG.  10.  aiMin.  the  frequency-dependent  conductivity  with 
Dnide  contribution  subtracted.  The  data  fall  into  three  groups, 
5-r„  r, -200,  and  >250K. 


According  to  the  data  in  Fig.  10,  the  “two-feature" 
structure  of  an  onset  near  80  cm”'  (3.1  kgT^)  and  a  notch 
around  400  cm”'  (ISkgT^)  is  present  both  below  and 
above  This  structure  is  shown  more  clearly  in  Fig. 
11,  where  we  plot  the  average  of  the  curves  above  and 
below  T^.  Thus,  we  cannot  associate  either  feature  with 
the  superconducting  gap,  since  that  presumably  would 
not  appear  above  T^.  Furthermore,  there  is  no  shift  in 
any  feature  in  the  superconducting  state  as  would  be  ex¬ 
pected  for  a  Holstein  sideband  associated  with  the  con¬ 
densate.  Such  features  have  also  been  observed^^’^^  in 
YBa2Cu307_5  and  Bi2Sr2CaCu20g  films.  The  structure  at 
4(X)  cm” '.(50  meV),  which  appears  common  to  the  cu¬ 
prate  superconductors,  has  been  explained  as  due  to 
strong  bound-carrier-phonon  coupling.*^  It  cannot  be 
accepted  as  a  superconducting  gap  for  La2_;,Sr^CuL»4 
simply  because  its  magnitude  is  too  large.  The  value  of 
the  lower-energy  onset  usually  varies  for  different  sam¬ 
ples.  The  presence  of  this  structure  above  and  the 
lack  of  evidence  of  an  energy  shift  with  varying  tempera¬ 
ture  below  make  it  difficult  to  associate  it  with  the 
BCS  gap. 

3.  Hobiein  effect 

Lee,  Rainer,  and  Zimmermann*^  have  calculated  the 
dynamic  conductivity  in  the  framework  of  strong¬ 
coupling  theory,  including  the  Holstein  mechanism. ^ 
They  obtain  a  two-gap  structure  in  the  superconducting 
state.  The  first  onset  is  presumed  to  be  the  superconduct¬ 
ing  gap,  while  the  “second  gap”  is  interpreted  as  the 
consequence  of  inelastic  scattering  with  phonons  due  to 
the  Holstein  effect. 

To  estimate  this  effect,  we  have  calculated  the  conduc¬ 
tivity  according  to  the  Holstein  theory  for  our  film  and 


0  500  1000  '500  2000  2500  iOOO 

cj  (cm*') 

FIG.  II  Averaged  midinfrared  conductivity  in  the  normal 
and  superconducting  states.  Also  shown  is  the  difference  be¬ 
tween  them.  The  dash-dotted  curve  is  a  calculation  within  the 
framework  of  Holstein  theory. 
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find  that  the  enhancement  of  the  MIR  strength  below 
may  not  be  accounted  for  by  the  inelastic-scattering  con¬ 
tribution.  In  the  Holstein  model,  the  scattering  rate  at 
low  temperature  can  be  obtained  by“ 

1/t{(0)=—  f  VF(ft)(o-n)da  ,  (7) 

0}  •'o 


where  is  the  Eliashberg  function  or  electron- 

phonon  spectral  density.  The  parameters  used  in  our  cal¬ 
culation  were  0^=6300  cm~'  (from  the  two-component 
model  fit  outlined  above),  A.(fi>=0)=0.25,  and  the  aver¬ 
age  boson  frequency  flo=75  cm“'.  In  general,  the  cou¬ 
pling  parameter  is  given  by“ 


k{(o)=-—  f  VF(ft)  In 

(0  •'0 


6)  — fl 
+ 


0) 


{l^ 


da 


(8) 


with  a  zero-frequency  limiting  value 

A.(<o— 0)=2 .  (9) 

•'0  a 

For  simplicity,  we  have  assumed  the  Eliashberg  function 
ha:,  the  form  (in  an  Einstein  model)  a^F(ft) 
=  y46(fl— fifl),  where  ,4  =|A.fto  according  to  Eq.  (9). 
The  calculated  result  is  illustrated  as  the  dash-dotted 
curve  in  Fig.  1 1.  The  size  of  the  Holstein  sideband  could 
be  enlarged  to  match  the  measured  MIR  spectral  weight 
by  increasing  k  and  tUp,  but  this  would  be  in  disagreement 
with  the  values  determined  experimentally. 


FIG.  12.  The  ratio  of  the  real  part  of  the  conductivity  in  the 
superconducting  state  to  an  estimated  normal-state  conductivity 
at  the  same  temperature.  For  comparison,  the  inset  demon¬ 
strates  the  ratio  of  the  conductivity  at  a  temperature  T  to  that  at 
a  fixed  temperature  of  100  K. 


ductivity  at  higher  frequencies.  This  surprising  result 
can  be  attributed  first  to  the  observed  enhancement  of  the 
midinfrared  conductivity  in  the  superconducting  state, 
and  second  to  the  observed  faster-than-linear  decrease  in 
the  quasiparticle  scattering  rate  as  demonstrated  in  Fig. 
9. 


4.  Superconducting-to-normal  ratios 


5.  Extra  spectral  weight  below 


Another  unconventional  behavior  is  seen  in  the  super¬ 
conducting  to  normal-state  conductivity  ratio  shown  in 
Fig.  12.  Ratios  of  conductivity  have  been  used  frequently 
in  the  past  to  suggest  superconducting  gap  structure.*’’*^ 
In  Fig.  12,  we  compare  <7,,  and  at  the  same  tem¬ 

perature  (we  note  that  if  a,,  and  are  compared  at 
different  temperatures,  the  result  is  totally  different  as 
shown  in  the  inset,  resembling  the  BCS-like  behavior). 
To  estimate  ai„{(o,T)  below  T^,  we  presume  that  the 
“normal  state”  and  1  /t  below  follow  the  “nor¬ 
mal”  behavior,  i.e.,  remains  a  constant  (6300  cm~') 
and  1  /t  follows  the  linear  extrapolation  of  the  relaxation 
rate  above  T,.  Then  a|„  below  T,  can  be  calculated  as 
the  sum  of  the  calculated  Drude  component  and  the  aver¬ 
aged  MIR  conductivity  ^<riMiR)ii>  namely, 


measured  o,,  T  >  T,  , 


a 


Ilf 


4ir  l-hwV 


r  <T, . 


(10) 


As  we  can  see  in  Fig.  12,  the  ratio  exhibits  a 

sharp  edge  near  100  cm~'  and  has  a  peak  around  180 
cm~'.  The  peak  is  suppressed  but  does  not  shift  as  T  ap¬ 
proaches  Tf  from  below,  ct,,  “overshoots”  up  to 
KXX)  cm~'  and  then  gradually  joins  the  normal-state  con- 


We  turn  to  the  differences  between  the  MIR  conduc¬ 
tivity  above  and  below  T^.  An  enhancement  is  evident  in 
the  raw  data  of  Fig.  S,  in  which  we  can  see  the  conduc¬ 
tivity  at  5  K  is  higher  than  that  at  SO  K,  above  T^,  for 
(u^360  cm“'.  By  calculating  the  difference  between  thw 
averaged  midinfrared  conductivity  in  the  superconduct¬ 
ing  state,  and  the  one  in  the  normal  state, 

{oimjr)*,  we  find  an  extra  spectral  weight  oelow  in 
the  MIR  region  which  accounts  for  rouf»lii'  15%  of  the 
Drude  oscillator  strength.  This  difference  is  shown  in 
Fig.  11.  (Note  that  the  actual  fraction  may  be  smaller  for 
the  reason  of  large  error  bars  in  a  |  at  low  to  below  ,  as 
will  be  discussed  below;  thus  the  difference, 

exaggerated  at  low  fre¬ 
quencies.)  This  anomalous  behavior  suggests  the  ex¬ 
istence  of  another  type  of  excitation  visible  in  the  super¬ 
conducting  state,  with  the  normal  Drude  carriers  not 
completely  condensing  into  the  superfluii  below  T 
However,  this  argument  cannot  be  taken  as  rigorous, 
since  our  approach  of  extracting  the  Drude  component 
has  neglected  the  w  dependence  of  the  electronic  scatter¬ 
ing  rate,  though  it  may  be  weak  as  suggested  by  the  small 
value  of  coupling  constant  A.  ~  0.25. 

To  confirm  our  observation  of  the  extra  spectral  weight 
below  T,  in  the  MIR  conductivity  obtained  by  the  two- 
component  analysis,  we  use  two  other  independent 
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methods  to  estimate  the  oscillator  strength  of  the  super¬ 
conductor  condensate:  the  dielectric  function  and  the  /- 
sum  rule.  According  to  the  clean-limit  picture,  when 
2 A » 1  /t  the  Drude  oscillator  strength  will  condense 
into  a  ct)=0  5  function  for  T  «T^.  Thus,  the  real  part  of 
the  dielectric  function  at  low  frequencies  is 

e,(a))=e,j - f  ,  (11) 

0) 

where  is  the  superconducting  plasma  frequency 
defined  as  Op,  with  u,  being  the  density  of 

superfiuid  carriers  of  mass  and  is  the  bound- 
carrier  contribution  to  e|(a)),  i.e.,  the  low-frequency  sum 
of  all  finite  frequency  absorption.  In  principle,  is  (a 
dependent.  It  is  constant  only  at  frequencies  well  below 
the  lowest  bound-carrier  resonant  frequency. 

Figure  13  shows  the  plot  of  €i(<u)  [obtained  from  KK 
transform  of  ^(<a)]  against  <u“^.  The  data  fall  on  a 
straight  line,  as  predicted  by  Eq.  (11),  in  the  low- 
frequency  range.  TTic  slope  obtained  from  a  linear  regres¬ 
sion  fit  at  T=5  K  gives  <dp,ss58(X)±l(X)  cm“‘,  from 
which  the  London  penetration  depth  can  be  estimated  to 
be  =  1  /liriOp,  =275±5  nm.  This  value,  which  is  much 
less  than  the  film  thickness  (820  nm),  is  comparable  to  the 
250  nm  in-plane  A.^  found  by  muon-spin-relaxation  (fiSK) 
measurements^^  for  Laj  g5Sro.  isCu04  at  T=6  K.  We 
note  that  only  a  fraction  /,  of  the  free 

carriers  condense  into  the  superfiuid,  in  agreement  with 
the  observation  that  ~  15%  of  the  Drude  spectral  weight 
has  shifted  to  the  MIR  region  below  as  outlined 
above.  Further  evidence  that  supports  this  argument  is 
obtained  from  the  /-sum  rule  that  will  be  discussed  next. 


FIG.  13.  Real  part  of  the  dielectric  function  6|  against 
below  Tf.  The  frequency  range  shown  is  45-300  cm”'.  Inset: 
ei  vs  <u  at  5,  200,  and  300  K,  iUustrating  the  <i>-dependent  metal¬ 
lic  response  and  the  zero-crossing  near  the  plasma  edge  (  ~  6000 
cm"'). 


C.  Sum  rule:  Superconducting  condensate 


Figure  14  illustrates  the  spectral  weight,  Ncf[(co)m  /m^, 
as  defined  according  to 


Ngg((o)-^  = - ^  [“^aiwldco'  , 

ire^  ->0 


(12) 


where  e  and  m  are  the  free-electron  charge  and  mass,  re¬ 
spectively.  ntj,  is  the  averaged  high-frequency  optical  or 
band  mass,  and  f'ccll  is  the  volume  (95  A^)  of  one  formula 
unit.  In  this  expression,  N^g((o)  equals  to  the  effective 
number  of  carriers  per  formula  unit  pariicipating  in  opti¬ 
cal  transition  at  frequencies  below  at.”  The  normal-state 
iV^(n))  curves  at  10(XX)  cm“‘  give,  if  m^  =  m,  roughly 
0.18  hole  per  CuOj  layer,  which  is  a  value  close  to  the 
dopant  concentration  of  our  film  (x~0. 17)  assuming 
each  Sr  atom  donates  one  hole  to  the  Cu02  layer. 

In  the  normal  state,  the  curves  exhibit  a  sharp  rise  in 
the  far  infrared  followed  by  a  broad  plateau  before  anoth¬ 
er  rise  beginning  near  WOOD  cm"'  due  to  the  charge- 
transfer  transition.  As  the  temperature  is  lowered,  spec¬ 
tral  weight  transfers  to  lower  frequency  in  response  to  a 
decreasing  relaxation  rate.  Below  T^,  the  spectral  weight 
is  reduced  as  expected  due  to  superconducting  condensa¬ 
tion.  From  the  difference  between  N^(a)m  /mf,  for  the 
normal  and  the  superconducting  states,  the  plasma  fre¬ 
quency  of  the  superfiuid  charge  carriers  [cr  the  missing 
area  in  the  curve  of  <7,(a>)]  can  be  estimated.  This 
difference  gives  from 


Photon  Energy  (eV) 

0.0  0.2  0.4  0.6  0.8  l.O  1. 2 


no.  14.  Effective  carrier  density  per  Cu  atom,  /ntf,,  as 
a  function  of  frequency  for  various  temperatures.  The  data  are 
obtained  from  the  area  under  the  curves  of  a,(a>).  The  spectral 
weight  of  the  superfluid  condensate  can  be  estimated  from  the 
difference  of  N^m/m^  in  the  normal  and  superconducting 
states.  The  inset  illustrates  the  behavior  at  higher  energy  for 
T  =  lOO  and  3(X)  K  where  the  high-frequency  reflectivity  data  of 
Tajinu  et  al.  (Ref.  19)  have  been  utilized. 
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which  we  find  =  5800  cm“’  at  5  K,  in  excellent  agree¬ 
ment  with  the  value  determined  from  the  real  dielectric 
function  as  discussed  earlier. 

One  surprising  result  of  our  measurements  is  that  the 
N^{o))m/mt,  in  the  charge-transfer  region  is  larger  at 
r>300  K  than  at  other  temperatures  below  250  K,  as 
shown  in  the  inset  of  Fig.  14.  The  mechanism  that  causes 
this  difference  is  not  clear  at  this  moment.  One  specula¬ 
tion  is  that  the  structural  transition  at  around  250  K  may 
change  the  band  structure  due  to  the  doubling  of  the  unit 
cell.  The  transformation  introduces  new  Brillouin  zone 
planes  at  which  the  semiconductorlike  gaps  are  opened, 
transferring  oscillator  strength  to  higher-frequency  re¬ 
gions.  The  band  mass  may  also  charge  accordingly.  Our 
choice  of  extrapolation  makes  this  difference  disappear 
above  15  eV,  where  the  N^{o})m/mf,  curves  come  to¬ 
gether.  15  eV  is  the  end  point  of  the  interband  excita¬ 
tions  from  the  O  2p  valence  bands  to  the  La  5d  /4f  con¬ 
duction  bands  above  the  Fermi  level  and  the  starting 
point  of  excitations  from  the  Cu  3d  bands  to  the  La 
5<//4/ bands. 

Figure  15  shows  the  temperature  dependence  of  the 
Drude  (oipQ)  and  superconducting  (<Up, )  plasma  frequen¬ 
cies.  Here  ojpp  is  determined  from  the  fit  to  <T|(ii))  as  de¬ 
scribed  earlier  and  is  consistent  with  a  picture  of  constant 
carrier  concentration  in  the  normal  state.  This  magni¬ 
tude  of  OpD  ( —0.8  eV)  is  smaller  in  comparison  with  the 
values  ( — 1.2  eV)  obtained  in  YBCO  or  BiSrCaCuO  crys¬ 
tals,  presumably  indicating  lower  carrier  concentration 
on  the  Cu02  pUiies.  Below  T^,  (Op,  is  estimated  from  the 
sum  rule,  the  linear  fit  to  ei(<u)  vs  <u“^  and  the  least- 
squares  fit  to  the  reflectance  data  using  a  two  fluid  model. 
These  three  approaches  give  very  close  results  in  and 
we  take  the  average  value.  Shown  in  the  inset  is  the 
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FIG.  15.  Temperature  dependence  of  the  Drude  plasma  fre¬ 
quency  (OpoiT),  the  superconducting  plasma  frequency  <<>^(71, 
and  the  superfluid  density  f,{T)  =  n,(T)/n.  The  solid  lines  are 
calculated  in  the  framework  of  BCS  theory,  taking  /,(0)=0.85 
andr,  =  31  K. 


superfluid  electronic  density  fraction  /jlD.  This  super¬ 
conducting  condensate  is  calculated  according  to 


/JT)  =  n,(r)/n=co^p,(r)/oj^pO 

with  cOpj,  =6300  cm~‘,  the  normal-state  value.  This 
quantity  /,(T)  is  essentially  a  measure  of  the  strength  of 
the  6  function  in  a|(<<>,7’),  and  is  related  to  the  T  depen¬ 
dence  of  the  penetration  depth  Xi^T).  The  solid  curves 
in  Fig.  15  and  its  inset  show  the  phenomenological  be¬ 
havior  predicted  by  BCS  theory  according  to 


L!J1=  ^ 

/JO)  A(0)  ’ 


(13) 


where  A(  T)  is  the  T-dependent  BCS  order  parameter.  It 
gives  a  nearly  constant  AIT)  at  T <<7^.  Near  A(T) 
drops  to  zero  with  a  ( 1  —  T /T^  )'^^  dependence.  The  be¬ 
havior  of  /,(r)  in  our  data  agrees  with  this  expression 
and  it  demonstrates  that  the  normal  carriers  condense 
rapidly  into  the  superfluid  below  T^,  as  expected. 


D.  One-component  approach 


An  alternative  approach  to  analysis  of  the  optical  con¬ 
ductivity  is  the  one-comp>onent  model  with  a  frequency- 
dependent  mass  and  scattering  rate.”’*®“™  In  this  ap¬ 
proach,  the  infrared  absorption  is  entirely  due  to  free  car¬ 
riers,  in  which  are  divided  into  “coherent”  and  “in¬ 
coherent”  parts  caused  by  the  interaction  of  the  free  car¬ 
riers  with  some  sort  of  optically  inactive  excitations 
(charge  or  spin  fluctuations).^^  This  approach  has  been 
proposed  by  Anderson”  and  applied  to  heavy-fermion  su¬ 
perconductors.”  The  normal  Drude  component  is  re¬ 
garded  as  the  coherent  part  centered  at  (u=0.  The  in¬ 
coherent  part  occurs  at  frequencies  characteristic  of  the 
excitations  and  shifts  away  from  a>=0  due  to  interactions 
with  the  excitations.  In  this  model,  the  complex  dielec¬ 
tric  function  is  described  by  a  generalized  Drude  formula: 


e(a>)=e* 


(u[<u— 2(w)] 


(14) 


where  e*  is  the  “background”  dielectric  associated  with 
the  high-frequency  contributions,  cOp — defined  by 
AirNe^/rrip — is  the  bare  plasma  frequency  of  the  free  car¬ 
riers,  and  2(w)  =  2,(q>)  +  i22(«)  is  the  self-energy  of  the 
carriers. 

Because  d<u)  is  causal,  2|(<u)  and  I,2{co)  are  related  by 
the  Kramers-Kronig  equations.  It  is  important  to  stress 
that  the  interband  contributions,  which  can  be  lumped 
into  are  excluded  from  (Op  and  Z((u).  To  find  Z((u), 
knowledge  of  u>p  and  e*  is  required.  In  order  to  identify 
the  interband  components,  we  fit  the  experimental  a,((u) 
at  frequencies  higher  than  800  cm” '  with  Lorentz  c.,cilla- 
tors  to  parametrize  the  interband  absorption.  By  sub¬ 
tracting  the  contnbution  due  to  these  interband  oscilla¬ 
tors  from  the  total  conductivity  and  calculating  the  area 
under  a ,(&)),  we  obtain  cOp  =  t30(X)  cm”',  corresponding 
to  a  carrier  density  of  n  =1.8X10^'  cm”^(mj/m)  or 
0.17  holes  per  CUO2  unit  if  mj=m.  As  we  have  found 
<aj,2)~6300±100  cm”'  in  the  two-component  analysis,  we 


47 


INFRARED  PROPERTIES  OF  EPITAXIAL  Laj_,Sr,Cu04  . . . 


1047 


can  also  estimate  the  strength  of  MIR  absorption  or  the 
“incoherent”  component  as 

(Wp„=((aJ-^o)'"^«11  370  cm-'  . 

can  be  estimated  from  the  interband  oscillators.  This 
gives  e*  ~4  in  the  far-infrared  region;  at  higher  frequen¬ 
cies  becomes  complex  and  o)  dependent. 


1.  Mass  enhancement  m*  /m^  and  self-energy  21  ) 


Once  (Op  and  are  determined,  the  self-energy  2(a)) 
can  be  calculated  at  each  frequency  from  the  experimen¬ 
tal  eico)  according  to  Eq.  (14).  If  we  rewrite  Eq.  (14)  as 


e(Q})=e^- 


0) 


*2 


(15) 


and  compare  Eq.  (IS)  with  Eq.  (14),  we  can  extract  the  re¬ 
normalized  scattering  rate  1/T*(a))=  —  *, 

and  the  effective  plasma  frequency 
where  the  effective  mass  enhancement  is  given  by 


=  2,/a)  . 


(16) 


Note  both  the  real  and  imaginary  parts  of  2(a))  are  nega¬ 
tive  definite.  The  resulting  curves  of  /n*(a))/m,,  and 
22(a))  are  shown  in  Fig.  16.  The  effective  mass  m*  is 
greatly  enhanced  at  low  o)  and  at  high  to,  as  ex¬ 

pected  for  the  MFL  and  NFL  theories.^’^* 

The  behavior  of  m  *{a)/m^  and  I^ia)  as  shown  can  be 
viewed  as  arising  from  a  local  Coulomb  interaction  of 


carriers  with  a  broad  spectrum  of  other  excitations.  At 
low  frequencies,  the  carriers  drag  a  low-energy  excitation 
cloud  along  with  them,  causing  a  mass  enhancement.  As 
frequency  increases,  the  scattering  rate  1/t*  increases 
when  the  low-lying  states  are  excited;  hence,  a  new  inelas¬ 
tic  scattering  occurs.  The  carrier  mass  decreases  to  ap¬ 
proach  the  band  mass  as  o)  increases,  for  the  low-lying  ex¬ 
citations  cannot  follow  the  rapid  carrier  motion.  We  can 
estimate  the  characteristic  energy  range  of  the  low-lying 
excitations  from  the  frequencies  at  which  m*{co)  and 
22(a))  change  from  their  low-  to  high-frequency  behav¬ 
iors.  This  range  appears  to  be  between  300  and  1000 
cm~'  (0.04-1.2  eV).  We  note  that  a  pronounced  peak 
near  0.1  eV  reported  by  Uchida  et  al.^^  is  not  observed  in 
our  spectra  of  m* /m/,  and  22.  The  present  values  of  22 
are  comparable  with  their  result  for  the  unnormalized 
scattering  rate.  The  mass  enhancement  here  is,  however, 
a  factor  of  0.15  smaller  than  their  result.  The  high  value 
of  m  *  in  their  data  would  imply  an  even  stronger  cou¬ 
pling  between  the  free  carriers  and  the  low-lying  excita¬ 
tions,  which  is  difScult  to  understand.  Note  that  the 
value  of  m  •  /m^  at  low  o)  and  low  T  can  also  be  predicted 
from  the  conductivity  sum  rule  from  Fig.  14  or  simply 
from  otp/o)pj)~~4.2,  which  agrees  well  with  the  result  in 
Fig.  16.  Writing  =  we  find  the  low- 

frequency  limit  value  of  coupling  constant  A.s3  at  low 
temperatures,  suggesting  strong  interaction  of  carriers 
with  a  spectrum  of  other  excitations.  One  major 
difficulty  with  this  model  is  that  this  large  k  would  give  a 
high  Tc,  inconsistent  with  the  actually  measured 
value. 


FIG.  16.  Frequency-dependent  mass  enhancement  (lower 
panel)  and  imaginary  part  of  the  self-energy  (upper  panel)  de¬ 
rived  from  the  experimental  complex  dielectric  function  with  in¬ 
terband  contributions  subtracted. 


2.  Effective  scattering  rate  1  /r*  ( a ) 

A  linear  T-dependent  scattering  rate  at  a)~0  implies  it 
is  also  linear  in  at  at  higher  frequencies.  The  effective  re¬ 
normalized  scattering  rate  can  be  obtained  by 
1  /r*  =  — (mj/m  *  )22.  This  quantity  is  shown  in  Fig.  17. 
The  extrapolated  a)=0  values  of  1/t*  are  compatible  to 
those  obtained  above  in  the  two-component  fit  by  assum¬ 
ing  a  constant  scattering  rate.  This  is  not  surprising  since 
both  the  one-  and  two-component  approaches  have  de¬ 
scribed  the  dc  transport  behavior  well.  At  higher  fre¬ 
quencies,  we  observe  1  /r*  is  of  order  max(  T,co)  before  it 
saturates.  According  to  the  MFL  theory,  however,  it  is 
not  1  /t*  but  the  imaginary  part  of  the  quasiparticle  self¬ 
energy  22  that  has  the  form  —  22=A.max(3r7',a)),  as  long 
as  a)<a)f=^I0(X)  cm”'.  Thus,  22  would  change  from 
constant  to  linear  in  o)  at  o)  >  irT.  At  low  at,  our  results 
agree  with  this  prediction,  and  22  tends  to  saturate  at  fre¬ 
quencies  above  ut^.  Since  k  is,  in  principle,  T  indepen¬ 
dent,  one  expects  the  slope  of  22(a))  to  be  constant  at  all 
temperatures  in  MFL  theory.  However,  our  data  indi¬ 
cate  a  gradual  decrease  of  slope  with  increasing  tempera¬ 
ture. 

It  is  difficult  to  interpret  the  frequency-dependent 
scattering  rate  as  a  consequence  of  inelastic  scattering 
due  to  the  Holstein  effect,*^’**  in  which  a  carrier  can  ab¬ 
sorb  a  photon  of  energy  hat,  emit  an  excitation  (or  a  pho¬ 
non)  of  energy  e  (£~3(X)  cm"'  in  this  case),  and  scatter. 
First,  the  large  value  of  A.  ( ~  3)  implied  by  the  analysis  of 
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FIG.  17.  Renormalized  scattering  rate  given  by  1/t* 


Fig.  16  suggests  a  strong  coupling  between  the  conduc¬ 
tion  carriers  and  the  excitation.  Therefore,  at  T  >  e-'400 
K,  the  dc  resistivity  should  significantly  deviate  from  its 
linear  T-dependent  behavior.  Such  a  l^ge  A.  would  also 
imply  that  the  mean  free  path  is  of  the  same  order  of  the 
lattice  constant  at  room  temperature,  thus  the  dc  resis¬ 
tivity  would  be  expected  to  saturate,  inconsistent  with  the 
observed  linear  behavior  which  persists  up  to  1 100  K  for 
LSCO  materials.^*  Second,  the  Hoktein  sideband  would 
shift  upwards  by  2A,  the  threshold  energy  for  exciting 
two  quasiparticles,  in  the  superconducting  state.  On  the 
contrary,  our  spectra  in  Fig.  3  do  not  show  such  shift. 
However,  this  structure  could  have  been  smeared  out  as 
the  size  of  the  Holstein  effect  depends  sensitively  on  the 
shape  of  the  Eliashberg  function  a^F(fl)  and  on  impurity 
scattering.**  The  possibility  of  a  Holstein  effect  therefore 
may  not  be  completely  ruled  out. 

E.  Loss  function 

In  the  ten^perature-dependent  reflectance  spectra  of 
Figs.  3  and  4,  we  have  observed  that  the  reflectivity  edge 
sharpens  and  slightly  moves  to  higher  frequency  with  de¬ 
creasing  temperature.  This  may  be  attributed  mainly  to 
the  effect  of  volume  contraction.  The  behavior  can  also 
be  seen  in  the  electronic  loss  function  —  Im(l/e)  as 
demonstrated  in  Fig.  18.  Upon  cooling,  the  peak  position 
at  the  screened  plasma  frequency  Sp«6400  cm“  ( ~0.8 
eV)  shifts  to  slightly  higher  energies  along  with  a  slight 
narrowing  of  the  broad  peak.  This  can  be  understood  in 
terms  of  the  generalized  Drude  model,  in  which  the  max¬ 
imum  value  in  —  Im(l/«)_is  given  approximately  by 
S^T*/e*  at  a>=S^issa»^/'V/ c*  with  a  width  of  1/t*(0^). 
This  broad  width  (0.4  eV)  is  caused  by  the  anomalous 
midinfrared  background  absorption. 

Bozovic”  found  that  — Im(  l/e)=B(u^  for  small  o>  in 


FIG.  18.  Energy-loss  function  calculated  from  the  Kramers- 
Kronig  analysis  of  JKco)  at  selected  temperatures.  The  solid 
line  is  a  calculation  using  the  oscillator  parameters  obtained 
from  a  two-component  model  fit  to  .^(cc>)  as  shown  in  the  upper 
inset.  The  lower  inset  illustrates  the  different  low  <i>-dependent 
behavior  of  the  loss  function  at  SO  and  300  K. 


both  Y-Ba-Cu-0  and  Bi-Sr-Ca-Cu-O,  and  conjectured 
that  the  quadratic  law  was  universal  for  all  layered  cu¬ 
prate  superconductors.  In  addition,  it  has  been  suggested 
that  the  two-component  oscillator  model  fails  to  repro¬ 
duce  accurately  the  experimental  loss  function.^^  After 
making  careful  analysis  on  our  La2-xSr^Cu04  film,  how¬ 
ever,  we  find  our  results  are  in  sharp  contrast  to  these 
conclusions.  By  using  the  dielectric  function  with  a  two- 
component  model  in  the  form  of  Eq.  (1)  to  fit  the  room- 
temperature  reflectance,  we  obtain  a  set  of  oscillator  pa¬ 
rameters  which  can  almost  exactly  reproduce  the  mea¬ 
sured  ^{a)  as  shown  in  the  upper  inset  to  Fig.  18.  The 
oscillator  parameters  are  listed  in  Table  II.  When  the 
same  set  of  parameters  is  used  to  calculate  the  loss  func¬ 
tion,  we  can  see  an  excellent  agreement  with  the  experi¬ 
mental  —  Im(l/e)  curve  throughout  the  entire  measured 
range  as  illustrated  in  the  main  part  of  Fig.  18.  We  want 
to  stress  here  that  the  peak  in  —  Im(l/f)  is  determined 
not  only  by  the  free  carriers,  but  also  by  the  bound  car¬ 
riers  participating  the  charge-transfer  and  interband  tran¬ 
sitions.  The  loss  function  can  be  well  fit  only  after  the  in¬ 
terband  oscillators  are  taken  into  account. 

When  looking  into  the  small-<u  behavior  of  the  loss 
function,  we  note  that  for  our  film  the  low-frequency 
quadratic  law  —  Im(l/e)~a)^  suggested  by  Bozovic 
et  is  valid  only  at  low  temperatures  (or  at  higher 

frequencies).  A  linear  q>  dependence,  instead,  is  more  ap¬ 
propriate  for  high  temperatures.  The  result  is  more  evi¬ 
dent  when  our  data  are  plotted  in  log-log  scale  as  shown 
in  the  lower  inset  of  Fig.  1 8.  This  behavior  can  be  under¬ 
stood  quantitatively  in  the  one-component  approach. 
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TABLE  II.  Parameters  of  a  two-component  oscillator  fit  to 
the  measured at  room  temperature,  e,  =  1.5. _ 


Oscillator  no. 

(cm  ') 

(cm  ') 

r 

(cm  ') 

Drude 

0 

6  240 

358 

Mid-IR  no.  1 

250 

2  320 

210 

Mid-IR  no.  2 

950 

10640 

2  850 

Mid-IR  no.  3 

3180 

6  580 

4  330 

Phonon  no.  1 

126 

750 

28 

Phonon  no.  2 

359 

455 

22 

Phonon  no.  3 

681 

450 

25 

CT  band 

11260 

6720 

4  820 

Interband  no.  1 

23650 

16  620 

15  630 

Interband  no.  2 

59370 

94  290 

33410 

Starting  with  Eq.  (14),  one  can  derive  the  approximation 
for 

-Im(l/e)» - 07) 

4 

where  =  13(X)0  cm“'  for  our  film.  If  ^2  has  the  form 
of  —I,2=kmax(irT,ci)),  as  suggested  by  Fig.  16,  then 
—  Im(I/e)  will  be  quadratic  in  m  when  T<co/ir  but 
linear  in  <a  when  T  >  a/ir.  We  can  see  the  300-K  curve 
in  the  inset  changes  its  slope  at  cm"'~irr,  giv¬ 

ing  a  dependence  above  and  an  0  linear  depen¬ 
dence  below  0^.  [In  fact,  the  SO-K  curve  also  becomes 
linear  in  <b  at  frequencies  below  100  cm”'~trr  (not 
shown).]  This  behavior  can  also  be  explained  qualitative¬ 
ly  in  the  two-component  analysis.  At  small  <a,  the  dielec¬ 
tric  function  e(<a)  is  dominated  by  the  Drude  term,  thus 
the  loss  function  exhibits  the  ordinary  0  linear  depen¬ 
dence.  At  higher  frequencies,  the  midinfrared  tail  be¬ 
comes  important,  causing  the  loss  function  to  deviate 
from  this  linear  behavior. 

F.  The  superconducting  gap 

In  the  conventional  Bardeen-Cooper-Schreiffer  super¬ 
conductors,^^  it  has  been  demonstrated  successfully  that 
the  superconducting-to-normal  ratio  in  transmission 
would  give  a  maximum  very  near  2A,  the  superconduct¬ 
ing  gap  energy.  Other  experiments^’’ showed  that  the 
gap  corresponded  to  a  threshold  in  surface  resistance  or 
conductivity.  Many  attempts  have  been  made  to  identify 
the  superconducting  gap  of  HTSC  at  the  peak  in  the 
reflectance  ratio  or  at  the  onset  of  the  conduc¬ 

tivity  a^,^0).  However,  it  is  problematic  to  make  such 
assignments.  First,  the  reflectance  data  (see  Fig.  4,  for 
example)  do  not  exhibit  a  clear  edge.  Second,  the  phonon 
structure  and  MIR  absorption  tail  as  well  as  the  T depen¬ 
dence  of  the  scattering  rate  complicate  this  approach.  Fi¬ 
nally,  the  propagated  errors  in  (7i,(<u)  at  low  frequencies 
are  large  due  to  the  fact  that  7H0)—*\.  The  experimen¬ 
tal  accuracy  in  y?((u)  in  the  far  infrared  is  not  much 
better  than  ±0.3%.  We  repeated  the  reflectance  mea¬ 


surements  on  our  sample  five  times,  finding  agreement 
within  ±0.5%  above  300  cm~'  but  variations  from  the 
average  up  to  ±1%  at  40  cm This  is  illustrated  in  Fig. 
19  where  we  plot  in  the  upper  panel  the  average 
reflectance  at  5  and  200  K  as  solid  lines.  The  dashed 
curves  represent  upper  and  lower  estimates  of  the  uncer¬ 
tainty  in  ft:  ±0.5%  at  200  K  and  above  300  cm”'  at  5 
K;  the  highest  and  lowest  measured  reflectances  below 
200  cm”',  with  a  smooth  merge  between  200  and  300 
cm”'.  We  can  then  estimate  the  uncertainty  in  a|(<u)  by 
performing  the  KK  transformation.  The  results  are  in 
the  lower  pane)  of  Fig.  19.  The  propagated  uncertainty 
goes  roughly  Ao’i/<r,  =  [l/(l— 3?)](d3^/?f ),  as  men¬ 
tioned  in  the  end  of  Sm.  II.  As  we  can  see,  the  absorp¬ 
tion  edge  of  (7,j(ti)),  whose  value  (  appears  to 

coincide  with  the  prediction  of  BCS  theory,’’  is  largely 
dependent  on  the  accuracy  of  ft{0).  This  prevents  any 
gap  assignment  based  on  the  onset  of  cr  |, . 

Kamaras  et  al.  have  argued  that  a  superconducting 
gap  cannot  be  unambiguously  identified  in  the  infrared 
spectra  if  the  material  is  in  the  clean  limit,  1  /r  «  2  A  or 
l»^,  anth  I  the  electronic  mean  free  path  and  ^  the 
coherence  length.  In  our  sample,  the  free-carrier  relaxa¬ 
tion  rate  is  \/T~2.SkgTc  at  50  K  (r=0. 1  ps),  smaller 
than  the  expected  BCS  superconducting  gap.  One  ex¬ 
pects  an  even  smaller  value  of  1  /t  well  below  T^,  thus  the 
clean-limit  condition  will  be  met.  This  low  free-carrier 
relaxation  rate  implies  that  most  of  the  free-carrier  oscil¬ 
lator  strength  would  move  to  the  zero-frequency  5  func¬ 
tion  of  the  superconductor,  leaving  little  strength — only 
a  factor  IAittA)  of  the  Drude  spectral  weight —  avail- 


FIG.  19.  The  propagated  uncertainty  in  values  of  the  con¬ 
ductivity  derived  from  the  reflectance  9?.  in  which  9?  is  close  to 
unity  and  has  the  uncertainty  shown. 
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able  for  the  gap  transition.  As  seen  in  Fig.  10,  there  is  al¬ 
ready  considerable  second-component  (MIR)  absorption 
in  the  low-frequency  region,  making  it  likely  that  any 
remaining  gap  structure  is  obscured  by  the  intense  midin- 
frared  absorption. 

rv.  CONCLUSIONS 

In  this  paper,  we  presented  a  set  of  temperature-  and 
frequency^ependent  optical  spectral  functions  from  the 
far-infrared  through  the  ultraviolet  region.  We  made  a 
systematic  analysis  for  an  epitaxial  La2_,Sr;,Cu04  thin 
film  with  a  transition  temperature  7’j  =  31  K.  We  em¬ 
phasized  the  two-component  analysis  for  both  the  normal 
and  superconducting  states.  Then  we  discussed  the  alter¬ 
native  of  a  one-component  approach. 

Our  results  show  that  the  temperature  dependence  of 
the  ab-plane  infrared  phonons  is  sensitive  to  the 
tetragonal-to-orthorhombic  phase  transition  near  250  K. 
One  anomalous  behavior  which  appears  to  be  associated 
with  the  structural  transition  is  that  the  reflectance  in  the 
charge-transfer  region  is  significantly  depressed  below 
250  K,  implying  a  shift  of  spectral  weight  to  the  higher- 
energy  region.  The  electronic  behavior  is  similar  to  that 
observed  in  other  cuprate  superconductors  like  YBCO  or 
BiSrCaCuO  crystals.  On  the  other  hand,  the  LSCO  crys¬ 
tal  has  a  lower  free-carrier  concentration  but  a  higher 
phonon  oscillator  strength  on  the  CUO2  layers.  The 
normal-state  infrared  properties  of  LSCO  materials  ex¬ 
hibit  an  extremely  unusual  non-Drude  response  over 
most  of  the  infrared  range.  This  anomalous  behavior  can 
be  interpreted  either  by  absorptions  due  to  free  and 
bound  carriers  in  the  two-component  approach,  or  by  a 
strong  frequency-dependent  scattering  rate  and  a  mass 
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enhancement  in  a  single-component  approach. 

The  two-component  picture  analysis  shows  a  narrow 
(of  order  kgT)  Drude  absorption  and  a  broad,  strong 
midinfrared  band.  The  Drude  plasma  frequency  is  essen¬ 
tially  temperature  independent,  whereas  the  scattering 
rate  is  roughly  linear  in  T  in  the  normal  state  followed  by 
a  fast  drop  below  T^ .  A  weak-coupling  strength  A.  ~  0. 25 
is  derived.  The  midinfrared  absorption  exhibits  a  weak 
temperature  dependence  in  the  normal  state.  In  the  su¬ 
perconducting  state,  the  absorption  is  similar  to  the 
midinfrared  band,  but  is  enhanced  in  the  1 50- 1 500  cm  “ ' 
range.  The  superconducting  condensate  carries  most 
( ~  85%)  of  the  free-carrier  oscillator  strength.  No  super¬ 
conducting  gap  is  discernible  as  the  film  is  near  the  clean 
limit.  The  absorption  edge  near  80  or  400  cm“'  cannot 
be  assigned  as  the  superconducting  gap  and  is  attributed 
to  the  tail  of  low-energy  excitations  or  to  the  strong 
bound-carrier-phonon  coupling.  The  single-component 
picture  analysis  in  the  normal  state  shows  a  strongly 
frequency-dependent  scattering  rate  of  the  order 
kgT-l-fut)  at  low  frequencies  and  a  large  mass  enhance¬ 
ment,  which  leads  to  a  strong-coupling  strength  A.— 3. 
This  analysis  has  the  features  predicted  by  marginal  Fer¬ 
mi  liquid  of  nested  Fermi  liquid,  but  has  a  temperature 
dependent  slope  in  the  imaginary  part  of  the  quasiparticle 
self-energy. 
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APPENDIX  16 


ABSTRACT 

We  have  deposited  YBa2Cus07  (YBCO)  films  on  LaAlOj  substrates  up  to 
two  inches  in  diameter  using  90*  off-axis  magnetron  sputtering  from  a  single 
stoichiometric  target.  With  this  same  method,  epitaxial  bilayers  and  trilayers  of 
insulating  SrTiOj,  LaAlOj,  MgO,  metallic  PrBa2Cu507  (PrBCO),  or 
superconducting  La2.xSrjjCu04  (LSCO)  were  deposited  in  combinations  with 
YBCO.  In  the  resulting  structures  with  c-axis  orientations,  the  YBCO  had  T^’s 
of  90K  or  higher  over  the  entire  surface  area.  Maximum  resistivity  values  of 
6  X  10®  Q-cm  in  YBCO/insulator/YBCO  structures  were  obtained  in  vertical 
transport  measurements  with  SrTi03.  An  important  cause  for  degraded  electrical 
properties  in  the  structures  incorporating  epitaxial  insulators  was  the  presence  of 
copper  oxide  particles  on  the  YBCO  surface.  Methods  used  to  minimize  the 
number  of  these  particles  are  discussed. 


INTRODUCTION 

Superconducting  electronic  circuits  are  patterned  from  a  series  of  deposited 
film  layers  incorporating  Josephson  junctions,  interconnects,  ground  planes, 
insulators,  and  resistors.  The  insulating  layers  are  required  for  isolating  the 
conductive  layers  in  microstrip  transmission  lines,  crossovers,  flux  transformers, 
and  lumped-element  capacitors.  Normal  conductors  are  needed  in  some 
Josephson  junction  configurations  and  for  resistors.  One  of  the  differences 
between  Nb  and  YBCO-based  circuits  is  that  YBCO  circuits  require  epitaxial 
insulators  and  normal  conductors  for  some  of  the  circuit  layers  to  provide  a 
suitable  substrate  for  a  subsequent  YBCO  film  deposition.  Indeed,  the  best 
candidate  materials  for  epitaxial  insulators  are  the  same  materials  used  as  single¬ 
crystal  substrates. 

Most  of  the  multilayer  circuits  fabricated  with  YBCO  films  are  deposited 
on  small-area  substrates,  on  the  order  of  1  cm  x  1  cm. [1-6]  As  the  emphasis  of 
circuit  development  switches  from  proof  of  principle  to  reproducibility,  whole- 
wafer  processing  is  the  most  practical  way  to  obtain  working  circuits  while 
improving  process  yield. 

The  sputtering  method  used  to  deposit  the  films  for  this  study  is  now 
generally  recognized  as  one  of  preferred  techniques  for  depositing  YBCO  films; 
details  of  this  method  have  been  reported  by  mauiy  workers.  However,  its  use 
for  depositing  YBCO-based  multilayer  structures,  particularly  on  substrates  as 
large  as  two  inches  diameter,  presents  some  unique  problems  which  have  thus  far 
received  much  less  attention.  In  this  paper  we  focus  primarily  on  these 
problems  and  report  on  our  efforts  toward  their  solution. 


EXPERIMENTAL  PROCEDURE 

We  have  previously  reported  in  detail  the  experimental  procedure  employed 
by  us  for  depositing  YBCO  films. [7,8]  Briefly,  the  films  are  sputtered  from  a 
two  inch  diameter  stoichiometric  YBCO  target,  mounted  in  the  90*  off-axis 
configuration,  using  approximately  100  watts  of  rf  power.  Typically  the  gas 
composition  consisted  of  100  mtorr  of  argon,  50  mtorr  of  oxygen,  and  10  mtorr 


Supported  in  part  hy  AFOSR  Contract  No.  F496S0-91-C-00S4. 


0 


of  water  vapor.  The  deposition  temperature  was  ~700*C  for  c-axis  films  and 
~580*C  for  a-axis  films.  For  depositing  multilayer  structures,  a  second  sputtering 
gun  was  mounted  into  the  system  and  used  with  the  appropriate  two  inch 
diameter  stoichiometric  target  to  deposit  SrTiOj,  LaAlOj,  MgO,  PrBCO,  or 
LSCO  films.  The  distance  and  orientation  of  this  gun  with  respect  to  the 
substrates  were  the  same  as  those  for  the  YBCO  gun.  For  the  depositions  from 
this  second  gun,  the  experimental  conditions  were  the  same  as  those  for  the  the 
YBCO  layers. 

In  our  early  work,  substrates  were  bonded  to  a  metal  (nickel)  holder  with 
silver  paste  to  insure  a  uniform  temperature  across  the  entire  area  of  a 
depositing  film.  The  use  of  this  method,  however,  with  large-area  substrates 
risked  wafer  breakage  and  therefore  another  method  for  holding  substrates  was 
developed.  Presently,  the  large-area  substrates  are  placed,  without  bonding, 
directly  on  a  quartz  holder  and  the  heating  is  done  primarily  by  radiation  rather 
thcji  by  conduction  through  a  bonding  paste.  The  details  of  this  method  are 
described  in  Reference  8. 

Critical  temperatxires  of  our  films  were  measured  resistively,  using  the  van 
der  Pauw  technique,  and  inductively  by  noting  the  change  of  inductance  for  a 
copper  coil  driven  at  100  kHz  and  positioned  against  the  film.  The  resistive  T^. 
was  defined  as  the  temperature  at  which  the  resistance  goes  to  zero  and  the 
inductive  T<.  as  the  temperature  at  the  midpoint  of  the  change  in  inductance. 
Resistivities  of  nominally-insulating  films  incorporated  in  multilayer  structure  were 
determined  by  patterning  100  /<m  to  800  /tm  diameter  circular  mesas,  contacting 
them  with  two  probes  and  the  base  YBCO  film  with  two  probes  in  a  wafer 
probe  station  with  the  sample  immersed  in  liquid  nitrogen  at  77K. 
Approximately  10  different  spots  were  measured  for  each  chip.  Structural 
analyses  of  the  films  were  done  by  x-ray  diffraction,  electron  diffraction,  and  by 
SEM. 


RESULTS  AND  DISCUSSION 

We  have  found  that  all  of  the  films  that  were  deposited  on  LaA103 
substrates,  whether  singly  or  in  combination  with  other  films,  grew  epitaxially. 
In  Figure  1  the  x-ray  diffraction  pattern  for  a  YBCO/LSCO  bilayer  structure 
(YBCO  deposited  first)  is  shown.  The  c-axis  orientation  of  both  film  layers  can 
be  seen  from  the  presence  of  YBCO(OOn)  and  LSCO(OOn)  diffraction  peaks. 
There  was  no  evidence  for  unoriented  grains  as  the  largest  diffraction  peaks 
observed  in  powder  patterns,  YBCO(llO)  and  (103)  and  LSCO(103),  were  not 
obtained.  It  is  not  possible  to  resolve  the  YBCO(200)  peak  from  LaA10j(200) 
on  the  scale  shown  in  Figxire  1.  Analysis  of  these  peaks  indicated  that  a  minor 
fraction  of  a-axis  growth  was  always  present  as  shown  for  single  YBCO  film 
layers  in  Reference  8.  The  absence  of  YBCO (110),  (103),  aaid  (200)  diffraction 
peaks  in  x-ray  patterns  of  YBCO/(MgO,  SrTiOj,  LaAlOj,  PrBCO,  or 
LSCO) /YBCO  trilayers  was  taken  as  evidence  that  c-axis  trilayers  were  grown 
with  any  one  of  the  intermediate  layers  studied. 

X-ray  diffraction  scans  recorded  while  varying  26  provided  information 
about  the  orientation  of  the  film  structures  in  the  growth  direction  but  did  not 
show  whether  films  grew  epitaxially  7;ith  alignment  in  the  plane  of  the  film. 
For  evidence  of  epitaxy,  low-energy  and  reflection  high-energy  electron  diffraction 
patterns  (LEED  and  RHEED)  were  obtained.  Figure  2a  shows  a  LEED  pattern 
obtained  from  a  LaAlO3(l00)  single-crystal  substrate  prior  to  film  growth.  The 
indexing  of  crystal  orientation  used  here  treats  LaAlOj  as  a  pseudo-cubic 
structure.  Figure  2b  shows  the  LEED  pattern  obtained  from  the  top  surface  of 
a  YBCO/PrBCO/YBCO(001)  trilayer.  It  indicates  that  in-plane  orientation  was 
maintained  throughout  the  structure.  Figure  2c  shows  a  LEED  pattern  from  the 
same  type  of  structure  deposited  at  lower  deposition  temperatures  to  obtain  an 
a-axis  growth  orientation.  The  pattern  in  Figure  2c  appears  to  have  a  3xi 
"surface  reconstruction”  characterized  by  additional  diffraction  spots  at  1/3  of  the 
spacing  of  Figure  2a  or  2b.  The  additional  spots  are  due  to  the  two  possible 
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Figure  1.  X-ray  diffraction  pattern  of  a  multilayer  structure  consisting  of  a 
LSCO  layer  deposited  on  a  YBCO  layer  deposited  on  a  LaA103 
substrate. 


in-plane  directions  for  the  c-axis  which  has  a  lattice  constant,  c^  -  Sa^.  Figure 
2d  is  a  RHEED  pattern  of  the  same  a-axis  sample  shown  in  2c  in  which  the 
1/3  spacing  of  diffraction  streaks  is  particularly  evident.  Electron  diffraction 
patterns  equivalent  to  Figure  2b  were  observed  for  bilayers  and  trilayers  formed 
with  each  type  of  intermediate  film  layer. 


Figure  2.  LEED  and  RHEED  patterns  showing  the  in-plane  orientation  of  the 
top  surface  of  epitaxial  film  structures:  (a)  LaAlOjflOO)  single-crystal 
substrate,  (b)  YB  C  O  /  Pr  B  C  O  /  YB  C  O  (00 1)  trilayer,  (c) 
YBCO/PrBCO/ YBCO (100)  trilayer,  and  (d)  a  RHEED  pattern  of  the 
same  a-axis  structure  used  in  (c). 


Table  I  -  Resistivities  of  Insulating  Film  Layers 


Insulating  Layer 


Thickness 


Resistivity 


SrTiO, 

LaAlO] 

MgO 


100  -  300  nm 
100  -  150  nm 
100  nm 


1X10*  -  6X10®  Q-cm 
2X10^  -  8X10*  Q-cm 
4X10^  -  1X10*  Q-cm 


Although  there  were  no  significant  differences  in  their  diffraction  patterns, 
large  variations  were  found  in  the  dc  resistivity  of  epitaxial  insulating  layers. 
Table  I  lists  the  range  of  thicknesses  and  resistivities  measured  for  the  three 
insulators.  Only  m  the  case  of  SrTiOj  was  the  resistivity  close  to  the  bulk 
value,  indicating  that  the  structural  quality  of  only  this  film  was  approaching 
the  ideal.  The  resistivity  reported  in  Reference  1  for  laser-ablated  SrTiOj  films 
deposited  on  a  smaller  area  falls  within  the  range  shown  in  Table  I.  Figure  3 
shows  SEM  micrographs  of  YBCO/insulator  bilayers  with  each  of  the  materials 
listed  in  Table  I.  Only  the  SrTiOj  overlayers  had  smooth  surfaces  comparable 
to  those  of  the  YBCO  base  layers.  Our  speculation  is  that  the  cubic-to- 
rhombohedral  structural  transformation  of  LaAlOj  and  large  lattice  mismatch 
between  YBCO  and  MgO  led  to  the  rough  surfaces  seen  in  Figures  3b  and  3c, 
respectively. 

Additional  evidence  of  the  quality  of  SrTiOj  sputtered  films  is  shown  in 
Figure  4.  In  this  figure  are  SEM  photomicrographs  of  two  YBCO  films,  one 
grown  directly  on  a  LaAlOj  substrate  and  the  other  on  a  200  nm  SrTiOj  film, 
previously  sputtered  on  the  LaAlOj.  Despite  the  presence  of  the  SrTiOj  layer, 
the  two  YBCO  structures  appear  essentially  identical  indicating  that  the  quality 
of  the  intermediate  SrTiOj  was  sufficiently  high  that  it  had  no  deleterious  effect 
on  the  epitasdal  growth  of  the  YBCO. 

As  also  can  be  seen  in  this  figure,  the  YBCO  grains  tended  to  be  square 
in  shape.  This  type  of  grain  growth  in  YBCO  films  has  previously  been 
reported  by  Raistrick  et  al.  from  scanning  timneling  microscopy  studies. [9]  In 
their  STM  micrographs  there  is  sufficient  definition  so  that  the  formation  of  the 
squarish  grain  can  be  observed  via  the  spiral  growth  of  YBCO  apparently 
starting  at  a  defect  on  the  substrate  surface. 

In  addition  to  the  structural  quality  of  the  films  themselves  there  is 
another  significant  factor  which  can  limit  the  performance  of  the  insulating  film 
layers.  We  have  found  significant  degradation  in  the  electrical  properties  when 
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Figure  3,  SEM  micrographs  of  YBCO/epitaxial  insulator  bilayers  with  (100) 
orientation  insulating  films  of  (a)  SrTiOj,  (b)  LaAlOj,  and  (c)  MgO 
grown  on  c-axis-oriented  YBCO. 
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Figure  4.  SEM  photomicrographs  of  two  sputtered  YBCO  films.  Film  (a)  was 
deposited  directly  on  a  LaAlO*  substrate  and  (b)  on  an  intermediate 
SrTiOj  layer. 


second  phase  particles  were  present  on  the  YBCO  surface  on  which  the  insulator 
was  deposited.  Specifically,  the  data  in  Table  I  was  obtained  for  overlayers 
grown  on  smooth  single-phase  YBCO  films.  However,  LaAlOj  films  grown  under 
the  same  conditions  but  on  YBCO  layers  with  approximately  5%  of  their 
surfaces  covered  with  second  phase  particles,  had  a  resistivity  four  orders  of 
magnitude  lower. 

The  problem  of  the  formation  of  second  phase  particles  during  the 
deposition  of  YBCO  films  is  not  new.  Depending  on  the  growth  process  and 
conditions  these  particles  can  have  a  variety  of  sizes  and  compositions.  Under 
the  conditions  used  to  deposit  our  films  we  have  found  that  when  particles  are 
formed,  they  typically  are  irregularly  shaped  and  about  500  nm  across  the 
longest  dimension.  Chemical  analyses  showed  that  they  consisted  of  copper 
oxide. 

We  have  previously  reported  data  indicating  that  such  particles  can  arise 
from  a  variety  of  sources  including  substrate  surface  contamination  and  the 
backsputtering  of  material  onto  the  substrates  from  the  adjacent  area. [7]  By 
taking  steps  to  minimize  these  two  sources  we  have  been  able  to  grow  essentially 
particle-free  films.  However,  during  the  sputtering  of  large-area  YBCO  films 
another  source  of  Cu-0  particles  was  identified.  We  found  that  under  what  was 
believed  to  be  optimum  conditions,  YBCO  sputtered  on  two  inch  diameter 
LaA103  substrates  often  showed  a  large  particle  concentration.  However  when 
such  a  film  was  turned  over  and  YBCO  deposited  on  the  second  side,  the 
particle  count  was  invariably  less  and  usually  negligible. 

We  believe  that  the  particles  formed  during  the  first  deposition  were  due  to 
a  non-uniform  heating  of  the  substrate.  Due  to  the  uncoated  LaAlOj  being 
essentially  transparent  to  radiation,  some  significant  fraction  of  the  substrate 
heating  occurred  by  conduction.  Because  the  wafer  was  not  bonded  to  the 
heater  this  conduction  heating  was  not  uniform.  We  believe  that  since  the 
YBCO  deposited  on  the  first  side  of  the  wafer  absorbed  radiation  well  its 
presence  equilibrated  the  substrate  temperature  during  the  crucial  nucleaiion 
period  of  the  deposition  on  the  second  side.  Despite  the  presence  of  particles  on 
the  first  side,  however,  the  >90K  T^’s  of  the  two  films  were  essentially  the 
same.  In  addition,  their  rf  surface  resistances  were  found  to  be  similar,  i.e.,  0.5 
*  0.1  mohm  measured  at  lOGHz  and  77K,  and  x-ray  diffraction  patterns  of  the 
two  sides  were  also  essentially  indistinguishable.  [8] 


CONCLUSIONS 


We  have  demonstrated  that  YBCO-based  multilayer  structures  incorporating 
either  SrTiOj,  LaAlOj,  MgO,  PrBCO,  or  LSCO  can  be  grown  epitaxially  on 
LaAlO]  substrates  of  up  to  at  least  two  inches  in  diameter.  The  relatively 
poorer  electrical  properties  of  LaAlOj  and  MgO  layers  compared  to  SrTi03  are 
attributed  to  the  inferior  structural  quality  of  these  films  when  grown  on  YBCO. 
An  important  source  of  degradation  in  the  dc  resistivity  was  the  presence  of 
second  phase  Cu-0  particles  which  sometimes  formed  during  the  growth  of  the 
YBCO  layers.  In  their  absence,  resistivities  were  measured  for  SrTiOj  which 
approached  the  ideal  value. 

We  acknowledge  the  assistance  of  J.  H.  Uphoff,  C.  L.  Jones,  and  B.  A. 
Blankenship  in  film  preparation  and  electrical  measurements,  and  A.  M.  Stewart 
with  x-ray  measurements. 
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APPENDIX  17 


Abaract—'9fc  have  grown  qutaxial  bilayers  ?nd  trilayers 
which  utilize  Bai.xKxBiC)3  (BKBO)  base  electrodes,  native 
or  artificial  (M^  or  SrHOs)  insulating  barriers,  and  Ag  or 
BKBO  counter  electrodes,  reqrectively.  The  layers  were 
dqxrsited  in-situ  by  rf  magnetron  sputtering  and 
characterized  in-situ  with  RHEED,  LEED,  and  XPS. 
Election  difEcaction  showed  the  layers  to  be  epiuudal  with  the 
symmetry  of  the  desired  structure  maiwwinivi  even  in  the  first 
momriayer  at  the  surfsce.  XPS  showed  no  evidence  of  a 
chemical  reactioo  at  the  BKBO/barrier  interihces.  Tunneling 
measurements  throu^  a  native  insulating  layer  grown  by 
exposing  BKBO  surfaces  to  air  showed  a  gap  of  mV  to 
be  pteseoL  bi  the  range  thicknesses  used  for  artificial 
barriers,  3-6  run,  the  barriets  apparently  contained  pinholes 
which  caused  the  junctioos  to  sh^  The  BKBO  fil^  were 
K-rich  with  x  *  QJ5.  Critical  temperatures  and  lattice 
constants  were  consistent .  with  reports  for  bulk 
stqrerconductan  with  this  compositioo.  Normal-state 
resistivities  of  70-100  |iO<m  at  30  K  were  the  lowest  ever 
rqiorted  in  this  system  and  significantly  lower  than  for  the 
higfaest-Tc  compositioa  X  s  0.4.  Roddng  curve  widths  of 
0.7*  both  in  the  growth  directkm  and  in  the  plane  of  the  film 
were  observed  by  x-ray  diffiaction  for  BKBO  films  on  MgO 
andSrTi03. 

BKBO  is  a  BCS-Uke  superconductor  with  a  transition 
temperature  of  30  K.^  All-BKBO  Josqrhson  junctions  could 
potentially  be  operated  at  20  K  in  reliable  closed-cycle 
refirigeratm.  Since  the  structure  of  the  Bai.xKxBi03 
compomtion  with  0.4  ^  x  ^  0.5  is  cubic  with  a  space  group  of 
Pm3m,^  it  is  the  highest  Tc  oxide  siqrerconductor  which  hre 
isotropic  properties.  It  has  additional  advantages  over 
Ught^Tc  superconductors  for  development  of  tunnel 
junctions.  It  possesses  a  relatively  long  coherence  length  of 
S-7'.  t.  Tunneling  measureaients  with  SIN  junctions2-6  and 
SIS  |XMnt-cootact  jaoctUxu7  have  demonstrated  a 
superconducting  energy  gap  with  a  low  density  of  electronic 
states  below  the  gap  ener^.  The  goal  of  this  wot^  is  to 
Gnbricate  epitaxial  t^yer  SIS  junctions  in  competition  with 
junctions  fsbricated  with  bigher-Tc  superconductors  capable 
ofoperating  at  50-70  K.  The  disadvantage  of  20  K  operation 
can  only  be  overcome  if  the  unique  properties  of  BKBO 
permit  all-BKBO  junctions  to  be  made  with  significantly 
more-reproducible  Joaephson  current  densities  than  can  be 
made  with  the  higher-Tc  superconductors. 

*Sappafted  by  APOSR  Contract  No.  P49620-92-J-041S. 
tSnnxMed  in  pan  by  APOSR  Contract  No.  P49620-92-C-0039 
Manuscript  received  August  24, 1992. 


In  this  study,  the  two  best  subsuate  materials  for  BKBO 
film  growth,  MgO(100)  and  StTiO3(100),  were  selected  for 
evaluation  as  tunnel  baniets.  The  only  previous  attempts  to 
make  junctions  with  BKBO  counter-elecuxxies  used  a 
BaBi20y  barrier.*  or  a  SrTiOs  barrier  grown  on  a  YBCO 
base  electrode.^  The  first  pait  of  this  paper  presents  results 
on  the  structural  and  superconducting  properties  of  BKBO 
films.  The  second  part  addresses  the  struct^  and  chemical 
characteristics  of  the  junction  interfaces  as  well  as  electronic 
behavior. 

Multilayrr  strucunes  were  deposited  in-siui  using  rf 
magnetron  ^airing  in  an  off-axis  configuration  with  a 
target  of  composition  Bao.6Ko.6Bi03.  Pressures  of  100 
mToirofO2a^200mTotrofAr  were  used  in  the  growth  of 
the  BKBO.  The  substrates  were  heated  to  375-400%  during 
deposition  and  to  400*C  during  a  15-minute  post-anneal  in 
one  atmoqihete  of  oxygen.  This  anneal  was  done  only  after 
all  layers  were  deposited  to  ensure  clean  interferes. 
However,  the  O2  anneal  was  performed  before  a  Au  contact 
layer  was  sputter-deposited  in-situ.  Low-resistivity  Au 
contacts  could  be  made  in  this  manner  but  could  not  be  made 
when  the  BKBO  films  were  exposed  to  air  prior  to  Au 
deposition. 

The  multilayer  structures  were  grown  on  MgO(100), 
LaA103(100),  NdGaO3(110),  SrTiO3(I00),  and  SrTiOsdlO) 
single-ciystal  substrates.  These  structures  consisiBd  of  a 
BKBO  electrode,  a  barrier  layer,  and  a  counter  electrode 
of  silver  or  gold  in  the  SIN  junctions  and  BKBO  capped  with 
with  gold  for  the  trilayers.  The  barrier  consisted  of  either  the 
native  insulating  layer  formed  upon  exposure  to  air, 
evaporated  MgO,  or  sputtered  SrTiOs.  The  base  electrode 
was  -150  nm  thick,  the  barrier  3-6  nm,  and  the  BKBO 
counter  electrode  -20  nm,  with  50  nm  of  gold.  Silver  paint 
was  then  applied  to  the  gold  contacts  and  used  as  a  mask 
when  the  samples  were  subsequently  Ar  ion-milled  at  ISO  V 


Ag  paint  . 
In-situ  Au 
BKBO- 
Barrier^ 


Fig.  1  Schematic  of  the  tunnel  junction  configuration.  The 
BKBO  top  electrode  was  not  present  for  SIN 
measurementi 


to  isolate  areas  of  the  samples  for  junction  measurements.  A 
schematic  view  of  the  configuration  used  for  tunneling 
measurements  is  shown  in  Hgure  1.  Each  junction  was 
approximately  2  mm  in  diameter.  Photolithography  and  Ar 
ion  milling  were  used  as  well  for  patterning  single  BKBO 
films  for  Jc  measurements 

Immediately  following  the  deposition  of  each  layer,  in- 
situ  studies  were  made  of  each  film  surface  using  LEED, 
RHEED,  and  XPS.  Samples  were  evaluated  upon  removal 
from  the  chamber  with  EDX  and  x-ray  diffraction.  The  latter 
included  evaluations  of  orientation  in  the  plane  of  the  film  as 
well  as  in  the  growth  direction.  Resistivity  and  ac 
suscqttibility  were  measured  as  a  fiinction  of  temperature 
and,  subsequent  to  patteniing,  I-V  characteristics  and  Jc  were 
measured. 

X-ray  diffracdon  results  on  single-layer  BKBO  films  are 
sununarized  in  Figures  2  and  3.  Hgure  2  contains  a  typical  ^ 
scan  measured  for  the  BKBO(llO)  diffraction  peaks.  Four 
peaks  spaced  90°  apart  were  obirerved  for  BKBO  films 
deposited  on  any  of  the  (100)-orientation  substrates. 
Comparisons  betw^  the  BKBO(llO)  ^  scans  and  similar 
scans  obtained  for  the  substrates  showed  that  [001]  direcdons 
in  the  substrates  and  the  films  were  aligned.  Thm  was  no 
evidence  for  a  misalignment  of  BKBO(100)  grains  in  the 
plane  of  the  film.  The  lattice  constant  for  films  grown  on 
any  (tf  these  substrates  was  0.4270  ±  O.OOOS  nm  with  no 
deriadon  from  a  cubic  structure  measured  within  this 
experimental  uncertairtty. 

Hgure  3(a)  is  a  plot  of  BKBO  (420)  x-ray  roddng-curve 
widths.  Am,  as  a  function  of  the  lattice  mismatch  between 
BKBO  and  various  substraies.  Generally,  the  ruurowest  Am 
values  of  0.6-0.7°  were  found  for  BKBO  films  grown  oa  the 
two  substrate  types  with  the  smallest  lattice  mimatch,  MgO 
andStlK)3.  There  was  little  difference  in  the  results  of  two 
rocking-enrve  measurements  which  quantify  disdnedy 
different  types  of  film  lextttre.  The  first.  Ami,  u  die  standard 


4  (dagraas) 

Hg.2  The  in-plane  orientation  of  a  BKBO(100)  film 
grown  on  NdGaO3(1110)  shown  with  a  4  scan  of 
the  BKBOCllO)  x-ray  diffracdon  peaks.  From  a 
comparison  of  this  scan  with  a  similm  scan  from  the 
subriraie,  it  was  confirmed  that  BKBOfOOl]  was 
parallel  to  NdGaO3[001].  There  was  no  evidence 
for  a  fraction  of  the  BKBO  grains  rotated  out  of 
alignment 
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Lattice-Constant  Mismatch  (%) 

Hg.  3  Mosaic  qnead  and  fracdon  of  misaligned  grains  for 
BKBO(100)  films  as  a  funedon  of  lattice  mismatch. 
Ami  is  the  rocking  curve  width  in  the  growth 
direction,  and  Am2  is  that  for  (420)  planes 
avenging  giowth-direcdon  and  in-plane  reflections. 

measurement  of  the  mosaic  spread  in  the  growth  direcdon. 
In  principle,  this  value  could  be  small  in  a  film  which  was 
highly-textnred  in  the  growth  direcdon  even  if  there  was  no 
alignment  whatsoever  in  the  plane  of  the  film.  To  obtain  the 
second  rocking  curve  width  for  the  (420)  planes,  Am2.  the 
film  was  rocked  in  a  idane  perpendicular  m  the  one  us^  in 
the  tneasuremeat  of  Ami.  IJus  second  value  contains 
information  about  both  the  texture  in  the  growth  direction 
and  texture  in  the  plane  of  the  film,  thus  quantifying  the 
epitaxial  reladooship  between  the  film  and  substrate 
observed  in  the  ^  scans. 

Hgire  3(b)  shows  that  some  grains  with  a  BKBO(110) 
oriemadon  were  present  in  the  films  grown  on  substrates  with 
the  largest  lattice  mismatch,  LaAlOs  and  NdGa03.  There 
were  no  indications  of  BKBO(110)  grains  in  the  films  on 
MgO  or  Stl103.  The  roost  surprising  of  the  results 
summarized  in  Hgure  3  was  that  the  structural  prcqrerdes  of 
BKBO  films  grown  on  SrTiO3(I00)  substrates  with  their  7% 
mismatch  were  as  good  as  BKBO  grown  on  MgO  with  just  a 
2%  mismatch.  The  explanation  most  likely  lies  in  the  fact 
that  BKBO  and  StTi03  both  have  perovsldte  structures.  The 
SrTiO3(110)  substrates  were  as  effeedve  as  StTiO3(100)  for 
obtaining  a  singk  growth  orientation  for  BKBO  and  narrow 
rocking-curve  widths  of  0.7°. 

Measurements  of  Tc  of  BKBO  films  revealed  very  low 
resisdvities  of  70-100  pfi-cm  at  temperatures  just  above  the 
trairsidon  as  well  as  fairly  sharp  transidons  (ATc  -  1  K) 
which  occurred  consistendy  betwM  18  and  19  K.  The  films 
were  metallic  with  a  ratio  of  the  tesisdvity  u  300  K  to  that  at 
25  K  of  1.6-1.7.  Based  on  the  x-ray  dif^don  data,  it  was 
not  surprising  that  the  lowest-iesisdvity  films  were  those 
grown  on  SrTi03.  However,  as  shown  in  Hgure  4,  even 
films  grown  on  LaA103  had  low  resisdvides. 

A  compariaoh  of  p  vs.  T  curves  from  one  set  of  samples 
on  various  substraies  deposited  as  a  single  batch  is  shown  in 
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Hg.  4  Resistivity  and  ac  suscq}tibility  vs.  temperature  fix' 
a  BKBO  film.  The  ac  susceptibility  was  an 
uncalibrated  measurement  of  the  change  of 
inductance  with  temperature  of  a  single  copper 
coil  placed  against  the  film. 


Figure  S.  It  can  be  seen  that  the  Tc's  of  films  on  SrTiOs, 
NdGa03,  and  LaAlOs  are  higher  and  that  the  films  have 
sharper  transitions  than  that  of  a  film  on  MgO.  A  film  on 
AI2O3  was  also  measured  but  did  not  have  a  transition  above 
SK.. 

The  results  of  critical  current  density  measurements  made 
on  a  film  grown  on  LaAlOs  a^shown  in  Hgure  6.  This  film 
was  found  to  have  a  Jc  «•  lOr  A/cm^  just  2  K  below  the 
resistive  transition  and  1(F  A/cm^  at  4JZ  K.  AtKXher 
important  result  of  this  experiment  was  the  proof  that  these 
films  were  homogeneous  and  capable  of  being  patterned 
without  degradation. 

EDX  results  showed  the  BKBO  films  to  be  potassium^ 
rich.  The  lattice  constant  and  Tc  measuremeats  were 
consistent  with  those  bulk  samples  with  composition,  x  s 
OJ.l  Raising  the  substrate  temperature  during  film  growth 
decreases  the  K  content,  which  may  be  a  necessary  step  in 
obtaining  the  highest-Tc  film  composition.  _ 

Fbr  bilayer  and  trilayer  structures,  LEED  and  RHEED 
patterns  indicated  that  each  of  the  layers  grew  epitaxially. 
Hgure  7  shows  examples  of  LEED  patterns  obtaitied  for  an 
artificial  barrier  layer  and  BKBO  top  electrode.  Hgure  7(a) 
contains  the  LEED  pattern  for  the  BKBO  counter-electzode 
of  a  trilayer  grown  on  NdGaO3<110)  with  a  StTi03  barrier. 
Hgure  7(b)  shows  an  evaptxated  MgO  barrier  layer  on 


Hg.S  A  comparison  of  typical  resistive  transitions  of 
BKBO  on  various  substrates 


Hg.  6  Critical  current  density  measurement  of  a  BKBO 
film. 


BKBO  grown  on  an  MgO(100)  substrate.  It  can  be  seen  in 
both  cases  that  a  (100)  (mentation  has  been  obtained 
RHEED  patterns  for  (10i0>orientation  films  ate  shown  in 
Hgure  8.  Hgure  8(a)  shows  the  pattern  for  a  BKBO  base 
electrode,  Hgures  8(b)  and  (c)  show  patterns  for  MgO  and 
SrT103  barrier  layers,  respectively,  ^  Hgure  8(d)  has  a 
RHEED  pattern  for  a  BKBO  top  electrode  grown  on  a 
SrTiOs  barrier.  The  streaked  ^pots  present  indicate 
smoothness  of  the  films,  whereas  the  Kikuchi  lines  which  are 
clearly  visible  in  Hgure  8(a)  ate  typical  of  a  well-<xdeted 
crystalline  surface. 

The  LEED  and  RHEED  data  showed  that  the  symmetry 
of  the  bulk  of  the  BKBO  films  was  evident  even  in  the 
surface  layer.  LEED  pauems  ate  particularly  surface- 
sensitive,  indicating  that  the  first  monolayer  on  the  surface 
had  the  desired  structure.  A  comparison  of  XPS  q)ectra 
recorded  before  and  after  the  barrier  layers  were  dqjosited 
showed  that  the  Ba,  K,  and  Bi  photoelectron  intensities  were 
greatly  attenuated  by  the  presence  of  an  overlayer,  thus 
negating  the  possibility  of  tte  barrier  layer  having  grown  as 
islands  around  which  the  LEED  atxl  RHEED  patterns  in 
Hgures  2(a),  3(b),  and  3(c)  might  have  been  recording  the 
symmetry  of  the  underlying  BKBO.  Since  RHEED  patterns 
are  determined  by  a  surface  layer  ^)p(oximately  2-5  nm 
thick,  on  the  same  order  as  the  coherence  length  of  BKBO, 
the  RHEED  pauem  in  Hgure  3(a)  was  a  measure  of  the 
structure  of  the  surface  layer  wi^h  determines  the  gap 
voltage  and  temperature  dependence  of  a  tunnel  junction. 

X-ray  photoelectron  spectroscopy  (XPS)  probes  a  similar 


Hg.  7  LEED  patterns  of  (a)  a  BKBO  counter-electrode  and 
(b)  an  MgO  barrier.  The  electron  energies  were  20.3 
and  143.0  eV,  respectively 
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ng.8  RHEED  pattenis  for  (a)  a  BKBO  base  electrode 
(b)MgO  on  BKBO  (c)SiTi03  on  BKBO  (d)  a  BKBO 
counter-electrode  grown  on  S1TIO3. 

distance  into  the  sor&oe  of  a  film  as  RHEED,  0^-0  J  nm. 
After  aitifidal  barrier  layen  were  deposited  on  a  BKBO 
base,  the  Ba,  K,  and  Bi  photoetectron  spectra  were  recorded 
for  comparison  with  the  dean  BKBO  suiface.  No  evidence 
was  foi^  for  chemical  shifts  that  woold  indicate  reaction 
between  the  barrier  materiab  and  BIDSO.  However,  upon 
exposure  of  the  BKBO  sorftkce  to  air,  a  carbon  peak  was 
introduced  in  the  XPS  spectnim  indicating  that  the  native 
insulating  layer  fianned  on  the  BKBO  was  probably  one  of 
cartxmates. 

The  current-voltage  characteristics  in  Figures  9  and  10 
fiom  an  SIN  junctiao  fanned  on  a  15  K  BKBO  film  using  its 
native  bonier,  showed  a  gap  of  -2,5  mV  at  4,2  K  whudi 
closed  by  13  K,  A  value  for  2d/kT  ttf  4,1  was  obtained, 
indicating  strong  dectron-phonon  coqtling.  Tunneling 
measurements  dvough  artificial  barriers  resulted  in  shorting 
due  to  pinholes,  prmumably  because  the  barriers  were  too 

thin. 

In  conclusion,  we  have  grown  well-aligned,  very  low- 
resistivity  BKBO  films  with  reproducible  Tc's  and  have 
demonstrated  that  these  films  can  indeed  be  fiMcated  into 
epitaxial  trilayers  with  a  great  potential  fiar  use  in  SIS  junctions. 


Vottogc  (mV) 

Fig,  9  SIN  unneling  data  for  a  BKBOAiative  barrier/Ag 
junction  at  4,2  K 


Hg.  10  SIN  tunneling  data  for  a  BKBO/native 
barrier/Ag  junction  at  various  temperatures 
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Note  added  in  proof:  After  the  submission  date  of  this 
paper,  BKBO  films  were  deposited  at  approximately  25°C 
higher  substrate  temperanue.  This  was  sufficient  to  re(hx:e  the 
potassium  content  U  the  films  and  raise  T^  to  >26  K.  There 
is  no  indication  that  the  recent  decrease  in  potassium  or 
increase  in  T^  in  the  BKBO  electrodes  have  an  effect  on  the 
structural  or  electrical  propeiiks  of  BKBO  trilayer  structures. 
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ABSTRACT — ^The  infrared  absorption  of  oxide  superconductors  will  be  discussed.  In  the 
normal  state,  <rj(w)  consists  of  a  strongly  T-dependent  part  in  the  far  infrared,  above  which  is  a 
weakly-T>dependent  midinfrared  absorption.  In  the  superconducting  state,  there  is  absorption 
to  very  low  frequencies,  well  below  where  the  superconducting  gap  is  expected  to  be.  It  is  argued 
that  this  absorption  is  due  to  a  second  (*^dinfrared”)  component  which  is  only  weakly  affected 
by  the  onset  of  superconductivity.  The  free  carrier  component  is  in  the  clean  limit  and  most  of 
its  oscillator  strength  goes  into  the  superfluid  condensate  zero-frequency  delta  function  response. 

K«]r  wvdui  Higb-T„  infrutcd 

INTRODUCTION 

An  ordinary  superconductor  has  a  gap  A  in  its  excitation  spectrum.  This  gap  causes  the 
frequency-dep«ident  conductivity  tru(u)  to  be  zero  up  to  a;  =  2A;  above  this  frequency  <ri«(w) 
rises  to  join  the  normal-state  conductivity  at  several  times  2A.  The  area  removed  from  o’i,(ui) 
appears  under  the  zero-frequency  delta  function  of  the  superconductor.  The  superconductor  has 
zero  absorption  (100  %  reflectivity)  at  frequencies  below  2A  and  reduced  absorption  up  to  several 
times  2A. 

Far-infrared  reaction  and  transmission  measurements  were  important  in  establishing  the 
existence  of  a  gap  in  metallic  superconductors  and  in  determining  its  magnitude.  (Glover  1956, 

Ginsberg  1960,  Palmer  1968,  Drew  1967)  With  the  discovery  of  the  high-T«  compounds,  there 
have  been  many  attempts  to  do  the  same.  (Timusk  1989,  Tbnner  1992)  At  the  present  time 
there  is  a  lot  of  controversy — to  say  the  least — about  infrared  determinations  of  the  gap.  This 
is  a  very  complicated  issue,  and  so  we  discuss  it  in  some  detail  in  the  following  paragraphs. 

Very  similar  ab-plane  reflectance  spectra  have  been  presented  by  a  number  of  workers. 

(Timusk  1988,  Thomas  1988,  Schiitzmann  1989,  Kamaras  1990,  Renk  1990,  Schlesinger  1990a, 

Cooper  1989,  Orenstein  1990,  Schlesinger  1987,  Reedyk  1988,  Collins  1989)  In  the  superconduct¬ 
ing  state,  the  reflectance  cannot  be  distinguished  from  100%  for  u  <  140  cm~*  (17  meV).  Above 
140  em~*  there  is  a  clear  increase  in  absorption,  and  the  reflectance  drops  to  a  plateau  of  about 


98%  which  extends  to  a  shoulder  at  tss  400  cm~^  (50  meV).  At  higher  frequencies,  the  reflectance 
drops  to  join  the  normal-state  data. 

Both  the  140  cm~^  onset  and  the  400  cm~^  shoulder  have  been  assigned  to  the  supercon¬ 
ducting  gap.  Thomas  et  a/.(1988)  suggested  that  the  apparent  onset  of  absorption  at  »  140 
cm~‘  in  ah-plane  data  for  reduced  Te  samples  might  be  the  gap;  this  would  give  2A/kBTt  =  3.2. 
Schutzmann  et  a/.(1989)  also  put  the  gap  at  140  cm~^  in  measurements  of  91  K  Tg  samples, 
which  would  make  2A/kBTe  =  2.1 

Schlesinger  ei  a/.(1987,  1990,  Collins  1989)  have  interpreted  the  400  cm~^  shoulder  as  the 
gap.  When  the  ratio  of  superconducting  to  normal  state  reflectance,  is  plotted,  this 

shoulder  appears  as  a  maximum.  A  maximum  in  3Ltl3l„  does  occur  at  2A  in  ordinary  supercon¬ 
ductors  because  9i,  is  100%  out  to  2A  and  then  decreases  to  join  3ln,  which  has  been  decreasing 
like  1  —  Ay/u.  This  similarity  to  ordinary  superconductors  was  the  motivation  for  the  fllraTe 
assignment.  (Schlesinger  1987,  Collins  1989,  Schlesinger  1990a,  Schutzmann  1989) 

Data  on  imtwinned  crystals  of  YBasCusOr-s  show  for  T  =  30  K  an  apparent  99-100% 
reflectance  out  to  500  cm~*  (ShaTe)  for  £  ||  a  at  which  point  there  is  a  shoulder  and  decreasing 
reflectance.  (Schlesinger  1990b,  Rotter  1991)  For  E  ||  b,  the  reflectance  is  smaller,  with  the 
shoulder  less  pronounced.  Schlesinger  et  a/.(1990)  argue  that  the  gap  for  nh-plane  carriers  must 
correspond  to  this  onset  and  attribute  the  absorption  below  this  frequency  to  carriers  on  the 
chains. 

However,  a  more  sensitive  experiment  than  reflectance  is  direct  bolometric  absorption.  Such 
experiments  have  been  carried  out  by  Pham  et  aA(1990,  1991)  In  untwinned  crystals,  th^  And 
a  finite  absorption  down  to  their  low  frequency  limit  of  80  cm~^  (1.2kaTc)  at  all  frequencies  for 
both  II  a  and  E  ||  h.  The  absorption  for  .E  ||  a  is  ~0.3%  at  150  cm~*  and  below.  The  direct 
absorption  data  are  in  agreement  with  reflectance  data,  but  the  better  signal/noise  ratio  allows 
absorption  to  be  seen  at  frequencies  where  the  reflectance  appears  to  reach  100%. 

La  this  paper,  we  discuss  the  gap  issue,  using  recent  data  on  singloKlomain  YBazCuaOr^^ 
crystals,  free-standing  BisSrsCaCusOa  crystals,  and  La2.cSrcCu04  thin  films. 

EXPERIMENTAL  DETAILS 

The  single-domain  crystals  were  prepared  at  the  University  of  Illinois.  The  growth  technique 
has  been  described  previously,  (friedmann  1990)  The  crystals  studied  were  about  2x2  mm  in 
size  and  had  extremely  high  quality  surfaces.  Tg  was  above  90  K.  The  reflectance  was  measured 
using  Fourier  and  grating  spectrometers  and  the  optical  constants  determined  using  Kramers- 
Kronig  analysis.  (Quijada  1992)  Estimated  error  in  the  far-infrared  reflectance  measurements, 
from  reproducibility  of  different  samples,  is  ±1-2%. 

La3.^rcCu04  films  were  grown  by  off-axis  magnetron  sputtering  on  SrTiOs  substrates  at 
Westinghouse.  Growth  conditions  and  film  properties  have  been  described  previously.  (Tslvac- 
chio  1990)  The  film  studied  in  detail  was  yearly  1  cm^  in  area,  8000  A  thick,  and  had  good 
quality  surfaces.  X-ray  analysis  showed  the  film  to  be  highly  oriented  with  the  c-axis  nmnal  to 
the  surface.  Tg  was  31  K  and  z  is  »  0.17.  The  reflectance  was  measured  using  Fourier  and  grating 
spectrometers  and  the  optical  constants  determined  using  Kramers-Kronig  analysis.  (Gao  1992) 
No  features  attributable  to  the  substrate  could  be  seen  in  the  spectra.  Estimated  error  in  the 
far-infrared  reflectance  measurements,  from  reproducibility  of  different  samples,  is  ±0.5%. 

Free-standing  films  (or  flakes)  of  BijSrsCaCujOs  '*'ere  prepared  and  characterized  at  SUNY 
Stony  Brook  as  described  in  an  earlier  report.  (Forro  1990)  The  samples  were  appreodmately 
0.3  mm^  in  area  and  1300-2000  A  thick.  Tg  was  «  82  K  The  transmittance  was  measured 
using  Fourier  and  grating  spectrometers  and  the  optical  constants  determined  using  Kramers- 
Kronig  analysis.  (Romero  1991,  Romero  1992a,  Romero  1992b)  Estimated  relative  error  in  the 


far-infrared  transmittance  measurements,  from  reproducibility  of  different  samples,  is  ±5%.  We 
note  that  transmittance  is  potentially  more  accurate  than  reflectance  because  an  accurate  100% 
level  is  not  required  and  that  a  5%  error  in  transmittance  gives  smaller  errors  in  <ri(w)  than  a  0.5% 
error  in  reflect<aicc.  This  is  because  the  “siguaT  in  the  reflectance  measurement  is  essentially 
1  —  A,  and  when  9t-*\  the  signal  goes  to  zero. 

EXPERIMENTAL  RESULTS 

Fig.  1  shows  the  optical  conductivity  of  a  YBaaCuaOr. «  single  crystal  at  three  temperatures. 
The  magnitude  of  the  conductivity  for  E  ||  6  is  larger  than  for  E\\a  but  otherwise  the  two  spectra 
are  similar  and  resemble  the  conductivity  of  twinned  YBajCusO?-^  crystals  (Orenstein  1990, 
Schlesinger  1990a)  and  films.  (Schutzmann  1989,  Kamaras  1990)  There  is  a  strongly  T  dependent 
peak  at  low  frequencies  above  Tc,  below  Te  a  considerable  amount  of  low-frequency  oscillator 
strength  is  removed  to  the  zero-fiequency  delta  function  conductivity  of  the  superfluid.  (That 
the  oscillator  strength  moves  to  zero  frequency  and  not,  say,  to  some  high  energy  can  be  proved 
by  looking  at  the  real  part  of  the  dielectric  function.  See  Ref.  Kamaru  1990  for  an  example.) 

Below  Te  there  is  a  finite  value  of  <ri{u)  maintained  to  the  lowest  frequency  measured  (180 
cm~*)  for  both  polarizations,  in  agreement  with  the  results  of  Pham  ef  al.(1991)  (However,  we 
should  note  that  the  uncertainties  in  the  determination  of  are  relatively  large  and  reach 
nearly  100%  at  the  low  frequency  limit  of  180  cm~*)  A  notch-like  minimum  is  observed  for  both 
polarizations  at  around  500  cm~* — above  and  below  Te — but  no  "gap”  occurs  in  the  spectrum 
at  this  frequency. 


(b) 


Fig.  1.  Optical  conductivity  of  YBa2Ca307.4  at  three  temperatuies.  (a)  E  ||  a.  (b)  E  ||  6. 


Fig.  2  shows  the  optical  conductivity  of  Las.^Sr^CuOi  at  several  temperatures.  The  inset 
shows  (on  a  logarithmic  frequency  scale)  the  data  into  the  vinble  region.  As  in  the  case  of 


Fig.  2.  Optical  conductivity  of  La.3_sSrsCtt04  at  aevetal  tempaatnres.  Tlie  inaet  dtowc  the 
wide-freqnency-range  conductivity. 

YBajCuaOy.i,  there  is  a  strong  T  dependent  peak  at  low  frequencies.  Below  Tg  a  substantial 
amount  of  oscillator  strength  goes  into  the  condensate. 

The  5  K  conductivity  curve  shows  a  threshold  at  70  cm'*  but  this  is  a  consequence  of  the 
extrapolation;  the  uncertainty  at  70  cm~^  is  ±600  This  uncertainty  is  illustrated  in 

Fig.  3,  which  shows  the  effect  of  scaling  the  reflectance  up  or  down  by  the  estimated  uncertainty 
of  ±0.5%.  Propagated  to  <ri(w),  this  error  becomes  ±100%  by  lOOcm**^.  Another  way  of  stating 
the  same  result  is  that  our  data  is  consistent  with  zero  absorption  below  100  cm**^  but  not  above 
100  cm~^. 


Fig.  3.  Propagated  unceitainty  in  <ri(w)  from  aa  uucertaiaty  in  leflectaace  of  ±0.5%. 


Fig.  4  shows  the  optical  conductivity  of  BisSrjCaCujOs  st  several  tenqwratures.  As  in 
the  other  materials,  the  normal-state  conductivity  shows  a  strongly  T-dependent  upturn  at 
low  frequencies  but  minimal  temperature  dependence  at  higher  frequencies.  Bdow  Tg,  lots  of 


Fig.  4.  Optical  conductivity  of  Bi2Sr2CaCu20g  at  various  temperatures  above  and  below  Tc- 

oscillator  strength  moves  into  the  condensate,  but  the  conductivin*  is  finite  to  110  cm~^.  The 
error  here  is  relatively  small;  there  is  definitely  a  positive  value  of  at  140cm~^  and  above. 

DISCUSSION 

We  return  now  to  the  question  of  the  superconducting  gap.  The  results  for  thresholds  in 
the  optical  conductivity  are  summarized  in  Table  I.  In  all  cases,  the  absorption  threshold  is  well 
below  iksTe,  only  in  Laj.^SrsCuOi  would  the  data  be  consistent  with  a  BCS  gap  value. 


Table  I.  Energy  scales  in  high  Te  superconductors. 


Material 

Reference 

T, 

Z.bkaTc 

SkeTc 

Absorption 

threshold 

K 

cm"* 

cm"* 

cm"* 

YBa2Cu307_f  (1  u 

This  work 

90 

220 

500 

<200 

YBa2Cu307-<  ^  II  u 

Pham  et  ai  (1990) 

90 

220 

500 

<  80 

YBa2Cu307_4  twinned 

Many.  See  Tanner 
and  Timusk  (1992). 

92 

230 

511 

<  140 

Bi2Sr2CaCu308 

This  work 

82 

200 

450 

<  140 

La2-sSrsCu04 

This  work 

31 

75 

170 

<  100 

This  finite  conductivity  to  low  frequencies  is' difficult  to  interpret  by  analogy  to  conventional 
superconductors,  where  the  picture  of  a  superconducting  gap  works  well.  The  difficulty  is  espe¬ 
cially  strong  for  Bi2Sr2CaCu208  where  photoemission  (Changl989,  Olson  1990)  gives  a  rather 
convincing  picture  of  a  gap  near  IkaTe-  As  Fig.  4  shows,  there  is  no  particular  anomaly  in  the 
spectrum  at  this  frequency  (400  cm"*);  indeed  most  of  the  fine  structure  in  this  region  is  also 
evident  above  T^. 

One  resolution  of  this  diletruna  is  to  postulate  that  there  are  two  contributions  (or  com¬ 
ponents)  to  the  low-frequency  optical  conductivity:  free  carriers,  which  are  responsible  for  the 


dc  conductivity  and  which  condense  to  form  the  superfluid  below  T,,  and  bound  carriers,  which 
are  relatively  inert  and  which  are  not  much  affected  by  the  superconducting  transition.  A  wide 
variety  of  data  have  been  analyzed  in  this  picture.  (Timusk  1989,  Tanner  1992,  Kamatras  1988, 
Bonn  1988,  Timusk  1988,  Thomas  1988,  Schutzmann  1989,  Kamaras  1990,  Renk  1890,  Cooper 
1989) 


The  dielectric  function  is  then  a  sum  free  carriers  (t.e.,  a  Drude  model)  and  the  midinfrared 
bound  carrier  terms, 

(1) 


where  Wpo  is  plasma  frequency  of  the  fre*  carriers  and  1/r  is  their  (essentially  ci^independent) 
relaxation  rate.  The  T-linear  temperature  dependence  of  the  resistivity  is  assumed  to  come  from 
the  temperature  dependence  of  1/t  since  in  the  Drude  model,  p  —  The  bound  carriers 

are  in  a  broad,  nearly  T>independent,  band  throughout  the  midinfrared. 

The  midinfrared  contribution  to  the  data  of  Fig.  4  is  illustrated  by  Fig.  5.  A  Drude  function 
has  been  subtracted  from  the  total  conductivity  in  order  to  obtain  these  curves.  The  Drude 
contribution  has  a  plasma  frequency  of  10,300  cm~*,  a  T>linear  scattering  rate,  and  agrees  well 
with  the  dc  conductivity.  (Romero  1992)  The  mid-infrared  contribution  is  almost  independent 
of  temperature  above  T^,  in  agreement  with  hypothesis,  but  there  are  some  systematic  variations 
around  0.1  eV.  Below  Te  the  Drude  contribution  has  condensed,  revealing  more  clearly  the 
midinfrared  band. 


Photon  Energy  (eV) 
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Fig.  5.  The  midinfrared  contribution  to  the  conductivity  of  Bi3Sr2CaCu30t  crystals,  obtained 
by  subtracting  a  Drude  dielectric  function  from  the  data  in  Fig.  4. 


If  the  two-component  picture  of  the  midinfrared  absorption  is  correct,  then  the  presence 
of  the  second  component  can  obscure  any  gap  absorption  and  make  its  determination  difficult. 
This  effect  occurred  some  time  ago  in  early  studies  of  La2-cSrcCu04  ceramics,  which  showed  a 
sharp  reflectance  drop  in  the  50  cm~^  region.  This  initially  was  assigned  to  the  gap,  but  it  later 
was  shown  to  be  caused  by  a  zero-crossing  of  <i(w),  due  to  an  interplay  between  the  negative 


contribution  of  the  superfluid  and  a  strong  positive  contribution  from  a  phonon.  (Bonn  1987, 
Sherwin  1988)  Using  a  similar  approach,  Timusk  ti  a/.(Timusk  1988)  argued  that  the  ni  odnuim 
seen  in  in  YBajCusOr-t  was  aflected  by  dispersion  as  well. 

Kamaras  et  s/.(1990)  showed  that  various  features  in  the  superconducting-state  conductiv¬ 
ity  spectrum  of  YBajCusOr-s  which  have  been  assigned  to  the  gap  can  also  be  seen  in  the 
normal-state  conductivity.  (This  is  also  evident  in  the  Bi2Sr3CaCu208  data  of  Fig.  5,  where  the 
total  conductivity  below  Tc  resembles  closely  the  midinfrared  contribution  above  Tf)  Because 
the  features  persist  above  Tc,  it  was  argued  that  they  were  from  the  non-Drude  midinfrared  ab¬ 
sorption  and  not  associated  with  the  superconducting  gap.  Above  Tc  this  absorption  is  partially 
masked  by  the  absorption  of  the  free  carriers;  below  7^,  when  the  free  carriers  condense  into  a 
delta  function,  the  midinfrared  absorption  becomes  fully  revealed. 

The  question  naturally  arises:  why  should  the  gap  not  seen?  Kamar^  et  a/. (1990)  suggested 
that  this  is  because  the  high-Tc  materials  are  in  the  Mean  limit,”  with  2A  1/r.  In  this  limit, 
all  of  the  free-carrier  oscillator  strength  exists  at  low  frequencies  and  goes  into  the  zero-frequency 
delta  function  conductivity  of  the  superconductor.  None  is  left  for  transitions  across  the  gap. 
The  presence  of  the  midinfrared  absorption  is  a  key  point  in  the  clean  limit  argument.  Given 
suflScient  sensitivity,  the  gap  can  be  seen  even  in  the  clean  limit  of  ordinary  metals  with  no  other 
low  energy  excitations.  However,  in  the  presence  of  the  midinfrared  absorption,  especially  if 
there  is  some  temperature  dependence  in  it,  picking  out  the  gap  becomes  more  difficult. 
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In-Situ  Deposition 
of  YBCO  Films  on  wafers 
by  Off-Axis  Sputteringt 
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YBCO  thin  films  have  been  magnetron-sputtered  in  the  off-axis  geometry  from  stoichiometric  targets  on  LaAIOj 
substrates  resulting  in  in-situ  superconducting  films  with  resistive  and  inductive  TcS  of  90*K.  Double-sided  sputter 
deposition  on  2“  diameter,  radiantly-heated  substrates  performed  sequentially  on  each  side  is  reported.  Low  surface 
res/stances  in  the  range  of  0.3  to  0.7  mCi  at  7TK  and  10  GHz  for  double-sided  films  are  attained. 


Introductfon 

One  of  the  first  applications  of  high 
temperature  superconductors  (HTS) 
\Mas  the  development  of  passive  mi- 
crovvave  components.  Much  of  the 
work  has  focused  on  thin  films  of  the 
HTS  YBa2Cu307  (YBCO)  deposited 
on  lattfce-matched  substrates.  Ex¬ 
cept  for  the  most  demanding  appli¬ 
cations  where  very  low  loss  sapphire 
substrates  are  required,  LaAIOs  is 
the  preferred  substrate  owing  to  its 
dose  lattice  match,  moderately  low 
loss  and  moderately  high  dielectric 
constant'  It  has  been  shown  that 
highly  C-axis  oriented  YBCO  films 
with  high  transition  temperatures 
and  low  surface  resistances  Rs  at 
microwave  frequencies  can  be  dep¬ 
osited  over  large  (2"  diameter)  areas 
using  a  technique  in  which  silver 
paste  is  used  to  attach  the  wafer  to 
the  sample  block.^  Although  this 


Tig.  1  Spuner-down  configuration 
lof  off-axis  sputtering. 


method  provides  good  thermal  con¬ 
tact  and  uniformity,  it  precludes  us¬ 
ing  the  back  side  of  the  wafer  for  a 
second  YBCO  layer  and,  because  of 
the  fragility  of  LaAiOa,  results  in  in¬ 
tolerable  wafer  breakage  for  large 
area  samples. 

For  several  types  of  microwave 
components,  such  as  microstrip  fil¬ 
ters,  the  proximity  of  a  supercon¬ 
ducting  ground  plane  is  highly  de- 
sirabla  Therefore,  it  is  necessary  to 
develop  techniques  for  the  deposi¬ 
tion  of  YBCO  films  on  both  sides  of 
a  substrate.  Larger  diameter  (2"  to 
4")  substrates  will  become  increas¬ 
ingly  important  for  components  that 
must  be  critically  matched.  In  addi¬ 
tion,  they  provide  an  economic  ad¬ 
vantage  because  they  can  fabricate 
many  dies  per  processing  cycle.  In 
this  paper,  the  techniques  for  dou¬ 
ble-sided  deposition  of  high  quality 
YBCO  films  on  2"  diameter  sub¬ 
strates  and  the  characterization  of 
these  films  are  described. 

Experimental  Method 

The  experimental  techniques  that 
are  used  for  the  in-situ  growth  of 
YBCO  films  by  off-axis  sputtering 
have  been  reported  previously.*  For 
this  paper,  the  geometry  (relative 
position  of  source  and  sample)  is 
unchanged  except  that  a  sputter- 
down  rather  than  sputter-up  config¬ 
uration  is  used,  as  shown  in  Rg- 


ure  1.  This  is  so  because  the  sam¬ 
ples  are  rested  on  a  quartz  plate  that 
covers  3"  diameter  kanthal  heater. 
The  sample  is  stationary  during  film 
deposition.  In  this  configuration,  20 
large  area  wafers  have  been  proc¬ 
essed.  Sputtering  is  performed  from 
a  2"  diameter  stoichiometric  YBCO 
target  using  110  W  of  RF  power  in 
a  continuously  pumped  gaseous  at¬ 
mosphere  consisting  of  200  mtorr 
argon,  50  mtorr  oxygen  and  20 
mtorr  water  vapor.  Small  variations 
of  the  gas  composition  are  not  crit¬ 
ical.®  However,  it  has  been  found  that 
small  additions  of  water  vapor  are 
beneficial,  yielding  consistently 
>90T<  superconducting  transition 
temperatures.®  The  sample  temper¬ 
ature  during  deposition,  determined 
by  infrared  pyrometry,  is  670^  with 
an  estimated  accuracy  of  20*C.  Un¬ 
der  these  conditions,  a  deposition 
rate  of  20  nm /hr  is  obtained.  Follow¬ 
ing  growth,  the  sample  is  cooled  in 
25  torr  O2  to  400*C,  where  it  is  held 
for  20  minutes  prior  to  cooling  to 
room  temperature.  For  double¬ 
sided  depositions,  the  chamber  is 
opened,  the  sample  is  turned  over 
and  the  process  repeated. 

The  critical  temperature  was 
measured  both  resistively,  using  the 
standard  Van  der  Pauw  technique, 
and  as  a  change  of  inductance  for 
a  copper  coil  placed  against  the  film 
and  driven  at  100  kHz.  Resistive  T- 
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Fig.  2  X-ray  diffraction  pattern 
for  side  A  and  side  B  of  a  double-sided 
film  showing  very  small  a-axis  (200) 
contribution. 


TABLE  1 

SURFACE  RESISTANCE 
MEASUREMENTS  MADE 

ON  TEST  CHIPS  TAKEN 

FROM  2”  WAFERS 

Sample 

Numbers 

R(  (mO) 
TTK,  10  GHz 
Side  A 

R.(ma) 
TTK,  10  GHz 
SideB 

1/2 

0.68 

0.7S 

3/4 

0.63 

0.69 

5/6 

0.63 

a68 

9/10 

— 

0.30 

12/13 

— 

0.40 

-1.0  -OJ  0  0.5  i.( 

RADIAL  DISTANCE  (IN) 

Fig.  4  The  critical  temperature  (R  =  0) 
for  both  sides  of  a  double-sided  film 
showing  ±1*K  uniformity  over  a  2” 
diameter  substrate. 


Fig.  3  Resistivity  v&  temperature  tor  a  double-sided  YBCO  film  deposited  on  (a)  side  A  and  (b)  side  B  of  a  2"  diameter  LaAIOs  wafer. 

The  inset  figures  compare  the  resistive  and  inductive  transitions. 


was  determined  at  the  temperature 
the  resistance  goes  to  zero  while 
the  inductive  Tc  was  determined  by 
the  transition  midpoint  Microwave 
surface  resistances  are  measured 
using  a  parallel  plate  resonator  fol¬ 
lowing  a  previously  developed  tech¬ 
nique.^  The  sample  geometry  con¬ 
sists  of  two  quarter-inch  X  half-inch 
samples  separated  by  0.0005"  tef¬ 
lon  film.  The  RF  leads  are  loosely 
coupled  to  the  resonator  so  that  the 
loaded  and  unloaded  Qs  can  be 
assumed  equal.  Values  of  Rs  are 
normalized  from  the  resonant  fre¬ 
quency  of  8.5  GHz  to  10  GHz  as¬ 
suming  an  f2  dependence  for  the 
surface  resistanca 

Experimental  Results 

YBCO  films  deposited  on  LaAlOa 
substrates  are  highly  C-axis  ori¬ 
ented.  A  very  small  A-axis  compo¬ 
nent  is  observed,  as  shown  in  Fig¬ 
ure  2,  where  the  X-ray  diffraction 
patterns  of  the  front  and  back  sur¬ 
faces  of  a  double-sided  film  are 
compared. 


Resistive  and  inductive  transition 
temperatures  have  been  measured 
on  double-sided  films.  The  results 
are  shown  in  Figure  3.  The  inducti've 
transition  follows  very  closely  the  re¬ 
sistive  transition.  Resistive  Tc  (R  =  0) 
values  >  90°K  are  obtained  for  both 
sides  of  this  wafer.  A  series  of  Tc 
measurements  were  made  spanning 
the  diameter  of  a  2"  wafer.  The  re¬ 
sults  are  shown  in  Rgure  4.  The  uni¬ 
formity  of  Tc  varies  between  89T< 
and  91  *K  over  the  wafer  diameter. 

Of  particular  importance  for  the 
passive  microwave  components  that 
are  being  fabricated  from  these  wa¬ 
fers  is  the  surface  resistance  at  mi¬ 
crowave  frequencies.  R,  values,  at 
77’K  and  normalized  to  10  GHz, 
have  been  measured  on  quarter- 
inch  X  half-inch  test  chips,  which 
surround  microwave  device  pat¬ 
terns  in  the  center  of  the  2"  diameter 
wafer.  The  location  of  test  chips  is 
shown  in  Rgure  5.  The  two  sets  of 
measured  test  chips  showed  Rs 
values  of  0.3  and  0.4  mO,  respec¬ 
tively.  On  the  antenna  wafer,  R* 


Fig.  5  Locatton  of  test  chips  used 
to  determine  surface  resistance 
tor  (a)  an  antenna  wafer 
and  (b)  a  filter  wafer. 

values  averaged  0.65  mQ  for  the 
front  surfece  and  0.7  mQ  for  the 
back  surface  The  specific  pairs  of 
chips  measured  and  the  results  ob¬ 
tained  for  R,  are  listed  in  Table  1. 


Fig.  6  Comparison  of  surface  resistance 
measurements  of  double-sided  films.  The 
surface  resistance  of  copper  is  shomm 
for  comparison. 

The  Rs  data  are  shown  in  Figure  6 
superimposed  on  a  curve  summa¬ 
rizing  Rs  measurements  from  a 
number  of  laboratories.^  The  Rs 
values  for  these  double-sided  films 
fall  within  the  scatter  of  the  data 
summarized. 

Conclusion 

The  deposition  of  YBCO  thin  films 
by  in-situ  off-axis  sputtering  on  both 
sides  of  2"  diameter  LaAiOs  sub¬ 
strates  has  been  demonstrated.  Tc 
>  9(rK  is  obtained  for  both  sides  of 
these  films.  Surface  resistances  of 
0.65  and  0.7  mfl  at  77T<  and  nor¬ 
malized  to  1 0  GHz  have  been  meas¬ 
ured  for  side  A  and  side  B  deposit¬ 
ed,  respectively.  Moreover,  R,  as  low 
as  0.3  mQ  has  been  measured  on 
siu-~>  B  of  a  double-sided  wafer  that 
had  undergone  a  complete  micro- 
wave  oevice  processing  cycle.  The 
reported  results  compare  favorably 
with  previous  work  on  smaller  area 
single-sided  films. 
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ABSTRACT 

We  have  performed  a  series  of  ~100  fs  time-resolved  measurements  on  YBCO 
thin  films.  The  dependence  of  the  transient  optical  properties  on  probing  laser 
frequency,  pumping  laser  intensity,  sample  thickness,  and  ambient  film  temperature  is 
discussed  Our  results  are  compared  to  existing  models  and  provide  new  insights  on 
nonequilibrium  properties  of  YBCO. 

I.  INTRODUenON 

Femtosecond  spectroscopy  has  recently  been  used  to  investigate  transient 
nonequilibrium  properties  of  high-temperature  superconducting  (HTS)  materials. 
Femtosecond  time-resolved  differenti^  reflectivity  (AR/R)  measurements  were 
performed  by  several  groups  on  various  YBCO  films  at  room  temperature.  The 
dependence  of  the  sign  of  AR/R  on  the  oxygen  [1]  or  Pr  [2]  content  in  YBCO 
compounds  indicates  different  positions  of  the  Fermi  level  (Ep).  The  correlation  of  the 
sign  change  of  AR/R  measured  at  2  eV  on  optically  thick  YBCO  films  with  the  onset  of 
superconductivity  has  been  observed  under  relatively  weak  laser  excitation 
(<5  nJ/cm2)  [31,  and  the  picosecond  response  of  AR/R  has  been  interpreted  as  a  direct 
indication  of  the  dynamics  of  quasi- particles  [3]  and/or  superconductor  order 
parameter  [4].  While  most  of  the  models  assumed  that  the  picosecond  response 
measured  at  optical  frequency  and  low  temperature  is  mainly  electric  in  nature,  recent 
results  of  Reitze  er  of.  (51  imply  that  a  detailed  energy  band  structure  also  has  to  be 
taken  into  account  if  any  physical  significance  is  to  be  assigned  to  the  measured 
relaxation  rates. 

In  this  paper,  we  report  a  series  of  femtosecond  spectroscopic  measurements 
performed  on  YBCO  films.  The  dependence  of  the  transient  opticai  properties  on 
probing  laser  frequency,  pumping  laser  intensity,  sample  thickness,  and  temperature  is 
discussed. 


n.  EXPERIMENTAL  CONSIDERATIONS 

A  number  of  epitaxial  YBCO  films  with  thicknesses  from  80  to  280  nm  have 
been  used  in  our  measurements.  Sample  YBCO-I  (200-nm  thick,  Tc  ~  87.5  K)  was 
fabricated  on  a  SrTi03  substrate  using  the  technique  of  laser  abladon  (61.  Sample 


YBCO-n  (280-nm  thick,  Tc  ~  89.5  K)  was  fabricated  on  a  LaAlOs  substrate  using  the 
technique  of  single  target  sputtering  samples  {7].  YBCO-in  (80-nm  thick,  Tc  -  83  K) 
and  YBCO-IV  (200-nm,  Tc  -  87  K)  were  deposited  on  SrTi03  substrates  by  in-siiu  rf 
magnetron  sputtering  [8].  All  the  films  exhibited  critical  current  densities,  Jq,  greater 
than  10^  A/cm^  at  liquid  nitrogen  temperature.  A  partially  oxygen  depleted  YBCO 
sample  (YBCO-V)  was  also  fabricated.  The  film  was  deposited  together  with 
YBCO-IV,  but  after  the  deposition  it  was  fum^e  annealed  at  500°C  for  20  min  in  pure 
Ar  atmosphere.  As  a  result,  its  Tc  was  lowered  to  27  K,  consistent  with  a  decrease  of 
the  oxygen  content  to  about  6.45. 

The  time-resolved  optical  experiments  have  been  performed  using  a  CPM  laser 
system.  Depending  on  the  amplification  arrangement,  the  laser  system  provides  a  pulse 
train  either  at  high  repetition  rate  (-100  MHz)  and  low  energy  per  pulse  (-0.1  nJ),  or  at 
moderate  repetition  rate  (-8.5  KHz)  and  high  energy  per  pulse  (>1  pJ).  This  allows  us 
to  change  the  pump  laser  intensity  (Ip)  by  more  than  3  orders  of  magnitude  and  also  to 
probe  with  different  wavelengths  selected  from  a  white  light  continuum.  Time-resolved 
differential  reflectivity  (AR/R)  and  transmission  (AT/T)  measurements  have  been 
performed  with  a  temporal  resolution  of  100±20  fs  using  a  conventional  pump-probe 
arrangement.  The  polarization  of  a  weak  probe  beam  was  rotated  by  90“  relative  to  that 
of  the  pump  beam  to  reduce  the  coherent  artifact  Measurements  have  been  performed 
in  a  temperature  range  between  300  K  and  12  K,  using  an  optical  Dewar  with  the 
temperature-controlled  cold  finger. 

For  our  thin  YBCO  samples  (grown  on  non-index-matched  substrates),  the 
typical  penetration  depth  (Xp)  of  the  2-eV  laser  beam  into  YBCO  is  -90  nm.  The 
dependence  of  AR/R  and  AT/T  on  the  change  of  the  refractive  index  (An)  and 
absorption  coefficient  (Aa  =  47tAk/l,  where  k  is  the  imaginary  part  of  refractive  index, 
and  X  is  the  laser  wavelength)  can  be  simply  summarized  as  follows.  For  optically  thick 
films  (d  >  150  nm),  AR/R  -  0.12An  +  0.1  lAk  (91;  while  for  optically  thin  films  (d  < 
150  nm),  AT/T  is  primarily  proportional  to  -Act,  and  AR/R  is  more  strongly  governed 
by  the  thin  film  effect  [10],  In  particular,  if  An  »  Ak.  AR/R  measured  on  a  thin  film 
can  have  the  opposite  sign  of  that  measured  on  a  thick  film. 

in.  RESULTS  AND  DISCUSSIONS 
III.  1 .  Room  Temperature  Measurements 

Figure  1  illustrates  AR/R  measured  from  1.91  to  2.17  eV  on  the  YBCO-I 
sample  at  room  temperature.  The  2-cV  pump  intensity  is  kept  around  10  pJ/cm^.  At  all 
prolM  photon  energies  (up  to  2.25  eV  [11]),  AR/R  exhibits  the  same  behavior — a 
pulse-width-limited  rise  (positive  change)  followed  by  a  fast  decrease,  and  then  a  long- 
lasting  (several  nanoseconds)  plateau.  A  very  similar  temporal  and  spectral  response  is 
also  obtained  for  the  YBCO-IV  sample.  For  all  our  samples  with  thicknesses  from 
80  nm  to  300  nm.  AR/R  at  2  eV  is  positive  and  the  tempor^  response  of  the  signal  has 
little  dependence  on  the  pump  intensity  from  0.3  to  100  pJ/cm^.  In  addition,  AT/T 
measur^  on  a  thin  YBCO-II  sample  (see  Fig.  2)  has  a  temporal  response  that  is  very 
similar  to  that  of  -AR/R  [12].  These  results  indicate  that  at  room  temperature,  the 
change  of  optical  properties  for  2-cV-photocxcited  YBCO  is  mainly  dominated  by  Aa, 
a  result  similar  to  earlier  results  obtained  on  d-band  metals. 
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Fig.  1.  Normalized  AR/R 
(-10*^)  measured  on  the  YBCO- 
I  sample  at  room  temperature 
using  the  probe  photon  energies 
indicated  in  the  figure.  The 
pump  intensity  is  -10  iiJ/cm^. 
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Fig,  2.  AT/T  measured 
on  the  YBCO-II  sample  at 
room  temperature  using 
2-cV  probe  photon  energy. 
The  pump  intensity  is 
-10  pJ/cm^. 


Such  a  “bolomerric”  response  at  2  eV  can  be  explained  by  a  thermomodularion 
model  [1,2,131.  The  carriers  excited  out  of  the  Fermi  sea  by  the  pump  pulse  thermalize 
with  all  of  the  other  carriers  on  a  time  scale  typically  shorter  than  the  pulse  width, 
because  carrier-carrier  scattering  time  is  extremely  fast  in  metals  or  HTS  materials. 
Therefore,  following  the  pump  excitation,  the  carriers  have  established  a  temperature 
(Th)  that  is  much  higher  than  the  ambient  film  temperature  (Tl),  and  the  electronic 
occupancy  near  Ep  is  modified.  This  “smearing”  decreases  (increases)  the  occupancy  of 
states  below  (above)  Ep.  Thus,  a  probe  monitoring  the  interband  transition  from  the 
filled  d-band  to  the  p-states  below  (above)  Ep  measunes  a  positive  (negative)  doc.  Since 
in  YBCO  Aa  is  always  positive  from  1.91  eV  to  2.25  eV,  Ep  for  oxygen-rich  YBCO 
must  lie  in  the  oxygen-p-band  at  least  2.25  eV  above  the  copper-d^/d^O.band.  The  fast 
decay  following  the  pulse-width  limited  rise,  illustrated  in  Fig.  1  and  2,  is  attributed  to 
phonon  emission,  which  reduces  the  effective  carrier  temperature.  Afterwards,  the 
long-lasting  plateau  is  caused  by  a  heat  diffusion,  which  can  be  a  nanosecond-time- 
scale  process.  In  summary,  Aa  =  aATh  +  bATL,  where  the  sign  of  a  depends  on 
probing  frequency  with  respect  to  Ep  and  is  positive  around  2  eV  for  oxygen-rich 
YBCO,  and  b  is  also  positive  for  YBCO.  The  usual  meaning  of  “bolometric”  applies 
only  to  bATL,  which  is  the  most  important  part  of  Act. 

By  contrast.  AR/R  measured  at  room  temperature  on  the  partially  deoxygenated 
YBCO-V  sample  (Fig.  3)  is  negative  at  2  eV.  A  similar  sign  change  at  2  eV  for  oxygen- 
poor  YBCO  films  was  previously  measured  by  Brorson  etal.  [1],  and  explained  in  the 
f^ramework  of  the  Fermi  smearing  model.  The  sign  change  was  attributed  to  a  shift  of 
Ep,  associated  with  a  drastic  change  in  the  free-carrier  concentration  between  the 
oxygen-rich  and  oxygen-poor  films.  Following  again  the  Fermi  smearing  model,  our 
results  imply  that  in  YBCO  Ep  shifts  down  (using  the  hole  picture)  by  at  least  250  meV 
when  the  sample  oxygen  content  decreases  from  above  6.9  to  about  6.45. 
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Fig.  3.  AR/R  measured  on  the  YBCO-V  (partially  oxygen  depleted)  sample  at  room 
temperature  using  a  2  eV  probe  photon  energy.  The  pump  intensity  is  -10  pJ/cm^. 


III.2.  Low  Temperature  Measurements 

When  the  temperature  is  cooled  down  below  Tq,  the  electronic  density  of  states 
is  strongly  modified,  as  a  result  of  the  opening  of  the  superconducting  energy  gap.  The 
much  larger  density  of  states  occupied  by  Cooper  pairs  just  below  Ep  is  expected  to 
change  the  Fermi  smearing  [14,15].  For  0  <  T  <  Tc,  Cooper  pairs  and  quasi-panicles 
coexist  in  thermal  equilibrium.  The  two-fluid  model  has  been  successful  in  explaining 
most  of  the  equilibrium  properties  of  superconductors.  The  absorption  of  a  single  2-eV 
photon  in  YBCO  creates,  ^ough  cascading  processes  of  cairicr-cairicr  and  carrier- 
phonon  scattering,  more  than  100  quasi-particles  with  energies  widely  distributed  in  a 
continuum  of  states  above  the  energy  gap.  Thus,  a  highly  nonequilibrium  Cooper 
pair/quasi-particle  distribution  is  established  following  short-pulse  excitation. 
Afterwards  the  system  relaxes  back  towards  equilibrium  as  all  nonequilibrium  quasi- 
particles  recombine  into  Cooper  pairs.  When  a  simple  two-fluid  model  is  adopted,  we 
have 

a  =  (i-fc)aD  +  fcoc  +  ocd-p 
n  =  (l-fc)nD  + fcnc  + f'd-p 

where  symbols  D.  C,  and  d-p  represent  contributions  from  the  (Drude)  quasi-panicles. 
Cooper  pairs,  and  d-p  interband  transitions,  respectively,  and  fQ  is  the  fraction  of  the 
Cooper  pairs  at  a  given  temperature. 

Figure  4(a)  and  (b)  present  AR/R  at  2  eV  obtained  at  T  =  12  K  for  the  YBCO- 
IV  sample  under  relatively  intense  excitation  (Ip  »  20  pJ/cm^  and  Ip  =  100  pJ/cm^). 
The  temporal  response  is  very  similar  to  that  observed  at  room  temperature  (see  Fig.  1). 
It  is  worth  stressing  that  for  pump  intensities  ranging  from  ~15  pJ/cm^  up  to 
100  pJ/cm^,  the  same  bolometric  temporal  response  is  observed  for  all  optically  thin 
and  thick  YBCO  samples  over  the  entire  temperature  range  (from  well  below  Tc  up  to 
room  temperature).  However,  the  magnitude  of  the  signal  at  T  <  Tc  is  much  larger  than 
that  at  room  temperature. 
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Fig.  4.  AR/R  (~  10*3)  measured  on 
the  YBCO-I  sample  at  T  =  12  K 
using  a  2  eV  probe  photon  energy. 
The  pump  intensity  is  (a) 
-20  pJ/cm2  and  (b)  -100  pJ/cm^. 
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We  believe  that  at  high  excitation  levels,  the  density  of  photoexcited  quasi¬ 
particles  (5Nq)  is  -102 1  cm“3,  which  is  comparable  to  the  total  free  carrier 
concentration  in  YBCO.  Thus,  the  sample  undergoes  a  transition  to  the  normal  state. 
After  the  pump  pulse  induces  such  a  transition  optically  and  all  the  Cooper  pairs  are 
destroyed,  only  the  Aao  and  Aotd-p  contributions  to  the  measured  AR/R  remain.  It  is 
clear  that  the  magnitude  of  Aa<i_p,  which  is  directly  related  to  the  amount  of  smearing, 
is  not  expected  to  have  an  abrupt  change  over  a  relatively  small  range  of  ambient  film 
temperature.  Therefore,  the  abrupt  increase  in  the  magnitude  of  the  signal  with  the  onset 
of  superconductivity  implies  an  additional  contribution  from  Aao^  in  other  words, 
from  photoexcited  nonequilibrium  quasi-pardclcs.  On  the  other  hand,  the  long-lasting 
plateau  in  the  AR/R  transient  is  a  signature  of  a  bolometric,  heat-diffusion  determined 
response.  This  result  is  also  consistent  with  the  nanosecond  response  of  photovoltage 
signals  measured  for  similar  laser  intensities  [16]. 

When  the  pump  laser  intensity  is  reduced  below  a  certain  level  (5±2.5  pJ/cm^), 
the  transient  properties  of  YBCO  at  T  <  Tc  are  completely  different  from  those  either 
measured  at  room  temperature  or  measured  at  T  <  Tc  but  under  intense  excitation. 
Figure  5(a)  shows  AR/R  at  2  eV  measured  on  the  YBCO-IH  (optically  thick  sample)  at 
T  -  25  K,  when  a  weak  Ip  (~l  pJ/cm^)  is  used.  The  decrease  of  the  reflectivity, 
followed  by  a  fast  (several  picoseconds)  recovery,  is  very  similar  to  what  has  been 
obtained  by  others  (3-5].  By  contrast,  a  positive  AR/R  with  a  similar  temporal 
response  is  observed  under  similar  experimental  conditions  on  the  YBCO-II  (optically 
thin  sample),  as  shown  in  Fig.  5(b).  We  believe  that  such  a  sign  reversal  of  AR/R 
between  optically  thick  and  thin  samples,  which  is  not  observed  at  room  temperature,  is 
due  to  a  thin  film  effect 


Fig.  5.  The  normalized  AR/R 
measured  on  (a)  YBCO- III  and 
(b)  YBCO-n  samples  at  T  =  25  K 
using  a  2  eV  probe  photon 
energy.  The  pump  intensity  is 
-1  pJ/cm2. 


This  interpretation  is  further  supported  by  AT/T  measurements.  Both  Chwalek 
er  al.  [14]  and  we  [17]  have  observed  that  the  sign  of  AT/T  (or  Aa)  does  not  change 


when  the  ambient  film  temperature  drops  below  Tc.  This  result  clearly  contradicts  the 
speculation  that  the  sign  reversal  of  AR/R  measured  on  an  opdcally  thick  YBCO  is 
related  to  Aa.  Therefore,  at  T  <  Tc  and  under  a  weak  excitation,  it  is  An  instead  of  Aa 
that  dominates  AR/R  at  2  eV.  The  correct  sign  of  An  can  be  only  obtained  from 
experiments  on  our  optically  thick  film,  and  it  is  indeed  negative  under  the  above 
experimental  conditions. 

Reitze  et  al.  [5]  stressed  that  the  experimentally  observed  AR/R  is  about  two 
orders  of  maenitude  larger  than  the  estimated  Ano  (Drude  component  only).  In  fact,  at 
Ip  =  1  |iJ/cm^,  the  estimated  5Nq  is  ~4  x  cm-3,  which  appears  to  be  only  a  small 
fraction  of  the  total  density  of  carriers  (quasi-particle  and  Cooper  pairs).  Under  such  a 
weak  excitation,  the  superconducting  film  may  not  be  completely  driven  to  the  normal 
state,  and  the  contribution  from  Anc  cannot  be  neglected-  However,  breaking  of  a 
fraction  of  Cooper  pairs  will  cause  a  reduction  of  02  (the  imaginary  part  of 
conductivity),  leading  to  a  positive  An.  a  fact  again  inconsistent  with  the  observed 
negative  An.  These  considerations  indicate  that  the  measured  AR/R  cannot  be  explained 
by  a  simple  two-fluid  model;  the  picosecond  relaxation  time  obtained  from  the  temporal 
response  of  AR/R  at  2  eV  is  not  a  direct  measure  of  the  quasi-particle  relaxation  time 
[3,5,18]. 

This  puzzling  behavior  may  be  associated  with  the  existence  of  the  intermediate 
state  [19,20].  In  this  state  the  film  is  composed  of  normal  and  superconducting 
domains,  which  can  be  smaller  than  the  excited  region.  Therefore,  the  optically 
measured  signal  consists  of  a  mixed  response  resulting  from  both  the  superconducting 
state  and  the  normnl  state.  More  investigations  are  currently  being  carried  out,  from 
which  a  comprehensive  picture  will  emerge. 

Finally,  it  is  worth  noting  three  other  important  experimental  findings,  which 
still  await  an  explanation.  First,  the  negative  picosecond  response  of  AR/R  can  be  also 
obtained  on  some  thick  YBCO  films  when  the  temperature  is  within  20  K  above  Tc. 
Second,  when  a  thick  sample  undergoes  a  constant  illumination  over  half  an  hour,  the 
sign  of  the  measured  AR^  can  become  positive,  and  then  will  never  be  reversed. 
Third,  the  positive  picosecond  response  can  also  be  obtained  on  thick  YBCO  samples 
of  inferior  quality  that  have  a  wider  (>2  K,  10%  to  90%)  resistive  superconducting 
transition. 

IV.  CONCLUSIONS 

Our  results  obtained  at  room  temperature  provide  quantitative  information  on  the 
position  of  the  Fermi  level  in  YBCO  with  different  oxygen  contents.  We  have  found 
that  in  superconducting  YBCO,  Ep  must  be  at  least  2.25  eV  above  the  Cu-d^/d*®  band. 
Simultaneously,  there  is  a  large,  >250  meV,  energy  difference  between  the  positions  of 
Ep  in  the  oxygen-rich  and  oxygen-poor  samples.  These  observations  arc  a  direct 
consequence  of  the  Fermi  smearing  model,  which  has  been  generally  accepted  to 
explain  experimental  data  for  d-band  metals,  as  well  as  for  HTS  materials  at  room 
temperature. 

Systematic  measurements  performed  at  temperatures  below  Tc  indicate  that  in 
YBCO  the  optical  response  associated  with  nonequilibrium  properties  of  quasi-particles 
and  Cooper  pairs  is  strongly  dependent  on  the  intensity  of  optical  excitation.  Under 
strong  excitation  the  temporal  dependence  of  the  AR/R  is  essentially  the  same  in 
optically  thin  and  thick  films  and  follows  that  measured  at  room  temperature.  In  both 
cases  AR/R  is  dominated  by  Aa  and  the  response  is  primarily  bolomctric.  A  completely 


different  behavior  is  observed  for  weakly  excited  films.  The  AR/R  signal  exhibits  a 
picosecond  temporal  response,  but  its  sign  depends  on  the  film  thickness  and  is 
negative  for  optically  thick  samples.  The  thickness-dependent  sign  change  of  AR/R 
below  Tc  indicate  that  AR/R  is  dominated  by  An.  However,  the  sign  and  magnitude 
measured  on  optically  thick  samples  cannot  be  explained  by  the  simple  two-fluid 
model.  Therefore,  more  advanced  models,  based  on  a  detailed  material  band  structure 
and  nonequilibrium  quasi-parricle/Cooper  pair  dynamics  should  be  developed. 
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Abstract 

New  phenomena  are  observed  in  a  narrow  window  (T^  -  T  <  IK)  in 
YiBa2Cu30^  ^  films  in  measurements  of  the  microwave  surface  impedance  Zj  =  R3  -f  i 
X,  and  the  field  derivative  (dR,/dH),  carried  out  using  a  specially  developed  modulated 
microwave  impedance  technique.  These  are  an  unexpected  negative  peak  in  (dR,/dH), 
accompanied  by  a  bump  in  the  reactance  X,  ,  both  of  which  cire  quenched  by  small 
magnetic  fields  (  <  250  Oe).  A  positive  peak  observed  at  lower  temperatures  can  be 
understood  in  terms  of  conventional  dynamics  of  free  vortices.  The  anomedies  can  only 
be  explained  in  terms  of  the  dyncimics  of  vortex-antivortex  pairs  above  a  Kosterlitz- 
Thouless  transition. 


The  superconducting  transition  in  the  high  T,.  cuprates  continues  to  present 
fundamental  theoretical  challenges^  An  important  piece  of  information  would  be  the 
dimensionality  of  the  transition,  paxticula.ly  in  view  of  the  very  large  anisotropy 
present.  In  2-D,  phase  fluctuations  play  an  important  role,  leading  to  a  Kosterlitz- 
Thouless  transition  which  is  well  documented  in  low  superconducting  thin  films^, 
and  has  been  suggested  to  occur  by  some  experiments,  principally  low  frequency 
penetration  depth^  and  I-V  characteristics'*’®,  in  the  high  T,.  superconductors  also. 

In  this  paper,  we  present  new  phenomena  at  very  low  fields  (  <  250  Oe) 
occurring  near  the  superconducting  transition  in  YiBa2Cu30^^  films.  The  observation 
of  these  phenomena  is  due  to  the  implementation  of  a  new  experiment,  modulated 
microwave  surface  impedance.  An  unexpected  decrease  of  the  impedance  (dZ^/dH  <  0), 
accompanied  by  a  bump  in  the  reactance  X„  occurring  in  the  same  narrow  temperature 
window  (Tc  -  T  <  IK),  axe  observed.  Both  effects  Me  quenched  by  low  appHed 
magnetic  fields  (  <  250  Oe).  The  observed  phenomenology  is  shown  to  be  consistent  with 
a  picture  in  which  phase  fluctuations  in  the  form  of  thermally  excited  vortex-antivortex 
pairs  play  an  important  role  in  the  microwave  impedance  very  near  Tj.. 

Besides  leading  to  new  phenomenology  of  importance  to  the  superconducting 
transition  in  YiBa3Cu30_^,  our  results  also  represent  new  physics  cissociated  with  the 
Kosterlitz-Thouless  (K-T)  transition  not  observed  previously.  Our  experiments  show 
that  in  a  very  narrow  region  near  T^,  the  zero-  and  low-field  transport  properties  are 
dominated  by  thermally  generated  vortex-anil-ortex  pairs.  This  is  followed  by  a 
crossover  from  2D  to  3D  behavior  at  a  temperatme  we  call  Tki>-  The  experiments  show 
an  “island”  determined  by  a  quenching  field  Hc+(T)  in  the  H-T  plane  (H  <  250  Oe,  T^  - 
T  <  IK),  in  which  the  pairs  dominate,  and  at  higher  fields  is  replaced  by  a  vortex 
plMma.  The  experiments  provide  access  to  the  vortex-pair  dielectric  constant  and 
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the  correlation  length  above  both  of  which  were  inaccessible  in  the  low  T,. 

superconductors,  but  are  of  central  importance  in  K-T  theory. 

The  microwave  (10  GHz)  experiments  employ  a  standard  cylindrical  cavity 
technique  with  the  film  as  end  plate,  along  with  specially  developed  circuitry  which 
enable  us  to  measure  (dR,/dH)  very  accurately  and  Rj  and  simultaneously.  R,  can 
be  measured®  absolutely  from  the  cavity  Q,  and  changes  AX^  from  the  resonant 
frequency.  To  measure  (dR,/dH)  we  apply  a  modulation  field  Hn,  ( ~  15  Oe  at  ~  100 
Hz)  besides  a  static  field  H  (H,  Hj^  ||  c),  and  have  developed^  a  self- lock  circuitry  and 
employed  modulation  and  lock-in  techniques.  The  circuitry  has  two  crucial  features. 
First,  it  can  always  lock  the  microwave  source  frequency  to  the  cavity  resonance 
frequency.  This  enables  us  to  measure  frequency  and  hence  reactamce  very  accurately 
over  narrow  temperature  windows.  Secondly,  it  gucirantees  that  the  output  is 
proportional  to  the  loaded  Q,  and  the  field  modulated  signal  is  a  measure  of  (dR^/dH). 
In  contrast,  in  off-resonance  modulated  absorption  experimciits®,  one  measures 
(dP/dH),  from  which  it  is  difficult  to  deconvolve  the  material  pajcimeter  (dZ,/dH).  For 
this  reason,  previous  modulation  experiments  have  been  difficult  to  interpret®.  Another 
advantage  of  this  experiment  is  the  ability  to  sweep  T  at  fixed  H,  which  enables  us  to 
study  phenomena  very  near  T^  more  accurately  than  done  previously.  All  of  these 
features  axe  essential  for  observation  of  the  phenomena  reported  here. 

High  quality  YBCO  films,  5000  to  6000  A  thick,  were  sputtered  onto  LaAlOs 
substrates.  The  films  had  sharp  transitions,  critical  currents  Jc(77K)  >  10®  A/cm^,  and 
have  been  extensively  characterized  regau'ding  both  microwave®  and  other  properties^®. 
R,(T,H=0)  vs.  T  is  shown  in  the  inset  to  Fig.l.  It  is  now  well-known  that 
electrodynamic  properties  of  high  quality  YBCO  samples  can  be  well  parametrized  over 
a  substantiad  range  of  temperature  (  ~0.6  -  O.OST^)  in  terms  of  mean-field  behavior"’^^, 
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such  ais  BCS.  The  present  Hlms  are  in  agreement  over  this  observation.  In  this  paper, 
we  focus  on  a  narrow  temperature  regions  (T^  -  T  ~  IK)  where  unexpected  new 
phenomena  are  observed. 

The  principal  results  of  this  paper  tire  shown  in  Fig.l,  2  and  3.  In  Fig.l, 
(dR5/dH)/Rn  vs.  T  in  different  representative  H  from  30  Oe  to  250  Oe  is  shown.  (Data 
were  adso  talcen  at  several  other  fields).  2  peaks  are  observed  below  T^  (  ~  89. 7K)  -  a 
positive  one  at  about  87.9K  and  a  negative  peak  closer  to  T^  at  about  89. 2K.  It  is 
striking  that  (dR^/dH)  is  negative,  since  that  implies  that  R,  d^zrtases  with  increasing 
H.  Also  the  negative  effect  disappears  at  a  relatively  low  field  of  250  Oe,  while  the 
positive  effect  exists  for  all  fields  upto  at  least  3000  Oe. 

Since  the  negative  effect  in  (dR^/dH)  is  imexpected,  we  have  caxried  out  many 
checks  to  make  sure  that  the  data  are  not  spurious.  We  jasured  the  modulation  phase, 
and  obtained  one  constant  =  0  for  the  T-range  where  (dR^/dH)  >  0,  and  another  (f>2 
=  ir  where  dR,/dH  <  0.  This  ruled  out  the  possibility  of  the  negative  peak  arising  from 
a  gradually  changing  phase  shift.  Another  check  was  done  by  flipping  the  static  field. 
This  produced  a  relative  phase  shift  of  ~  between  the  modulated  output  and  the 
reference  signal.  The  whole  curve  for  (dR,/dH)  in  Fig.l  was  flipped  exactly  upside-down 
and  no  aisymmetry  wais  detectable.  This  confirmed  not  only  that  our  data  is  entirely  the 
field  response  of  the  YBCO  sample,  but  also  that  it  is  indeed  the  derivative  with  respect 
to  the  magnetic  field. 

Fig.2  which  presents  the  data  for  X,  vs.  T,  shows  a  close  correlation  with  the 
(dR,/dH)  data.  (We  have  used**  A(0)  =  1400  .A.  for  the  display,  but  this  value  is  not  at 
aJl  crucial  for  the  present  discussion).  Remarkably  there  is  a  bump  in  X,  in  the  same 
temperature  'vindow  (88.7K  -  89. 7K)  ais  the  negative  peak  in  (dR.,/dH),  and  the  bump 
decreases  with  increasing  field  and  disappears  at  the  same  fields  (  <  250  Oe)  ais  the 
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negative  effect.  Furthermore,  the  X,(T,H)  data  can  be  used  to  obtain  the  derivative 
(AXj/AH).  It  is  important  to  note  that  this  looks  the  same  eis  (dR^/dH)  within  a  T- 
dependent  prefactor,  i.e.  with  a  negative  peak  at  high  T  and  a  positive  peak  at  low  T, 
although  the  magnitudes  are  different.  This  shows  that  (dRj/dH)  oc  (dXj/dH).  Also 
this  data  was  obtained  without  the  modulation  field,  and  hence  further  rules  out  the 
same  artifact  being  present  in  the  two  very  different  measuring  techniques. 

As  is  apparent  from  Fig.l  &  2,  the  unexpected  effects  are  quenched  by  small 
magnetic  fields.  The  temperature  dependence  of  the  quenching  field  is  shown  in 
Fig.3.  This  field  was  obtained  from  the  definition  that  at  H  =  (dR^/dH)  =  0  and 
changes  sign.  The  noteworthy  aspect  of  Fig.3(a)  is  that,  unlike  typiccJ  field  scales  such 
as  H^2  H",  the  present  field  scale  decreases  with  decreasing  T.  A 

quantitative  explanation  of  Hc.^(T)  in  Fig.3,  and  also  of  the  data  in  Fig.l  &  2  is 
discussed  next. 

The  peak  in  X,(H=0,T)  is  extremely  suggestive  of  the  peak  present  in  detailed 
calculations  based  upon  both  the  two-fluid  and  BCS  theories  of  superconductivity,  emd 
arising  from  the  buildup  of  the  superfluid.  However  two  points  argue  against  such  an 
identification  of  the  peak  :  (1)  the  peak  should  be  completely  insensitive  to  fields  ~250 
Oe,  since  the  only  field  scale  in  these  models  is  H,.2  >>  250  Oe,  (2)  in  all  these  theories, 
(dR,/dH)  amd  (dX,/dH)  >  0  always,  and  hence  the  negative  effect  associated  with  the 
peak  cannot  be  explained. 

We  next  examine  the  H  0  results  in  the  context  of  conventional  dynamics  of 
free  vortices.  Because  of  the  demagnetization  ratio  for  the  thin  films,  it  is  expected  that 
vortices  are  present  at  all  H  0.  If  one  considers  the  vortex  response  as  77  x  -t-  a  x  = 
0oJu;  )  then  expressions  have  been  obtained  for  the  surface  impedance  by  Coffey  and 
Clem'^  :  Z,  =  ihqUiX,  where  =  (Al^  -  i/2  6J^)/{1+  i  2Al*/5„’),  where  the  background 
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condensate  contribution  is  included  in  terms  of  the  London  penetration  depth  and 
the  normal  skin  depth  and  the  vortex  contribution  is  the  complex  skin  depth  We 
have  carried  out  detailed  calculations  using  this  model  and  it  always  yields  a  single 
positive  peak  for  (dR,/dH)  near  T^.  Thus  the  conventional  response  of  free  vortices  is 
unable  to  explain  the  present  negative  effect,  although  it  appears  to  describe  the 
positive  effect  well. 

We  also  note  two  other  important  experimental  observations.  Experiments  on  a 

o 

5000A  NbN  film  showed  only  a  positive  peak  in  (dR^/dH),  consistent  with  simple 
expectations.  Also  the  negative  effect  is  suppressed  by  weak  links  present  in  poor 
quality  YBCO  films  with  very  broad  transitions,  and  hence  is  an  intrinsic  property  of 
high  quality  YBCO  films  such  as  those  studied  here. 

In  the  absence  of  an  explanation  in  terms  of  conventional  excitations  such  as 
quasiparticles  and  vortices,  we  have  found  that  a  consistent  explanation  of  both  the  H  = 
0  and  H  ^0  data  can  be  obtained  in  terms  of  vortex-antivortex  pairs  above  a  K-T 
transition.  We  first  see  how  vortex- anti  vortex  pairs  contribute  to  the  impedance  in  the 
present  high-frequency  experiments.  In  contrast,  pre^•ious  experiments  which  probe  the 
Kosterlitz-Thouless  transition  were  carried  out  at  low  frequencies  for  T  <  T^t-  We 
generalize  earlier  expressions'^  ,  oind  including  the  normal  fluid,  obtain  : 

Z,  =  (€yb(H,T,w)  -  1 27r<7jw  )  (R,o  +  *  (1) 

The  impedance  =  R,o  +  t  X,o  represents  the  “background”  impedance  due  to 
the  superfluid  and  quasiparticles,  such  as  may  be  described  by  a  two-fluid  model,  and 
represents  the.  impedance  un-renormalized  by  vortices.  We  first  note  that  this  term  does 
not  contribute  to  the  field  dependence  in  the  present  experiment,  since  it  changes  only 
on  field  scales  ~  Hc2.  Thus  all  the  very  low  field  results  reported  here  are  described  by 
the  first  term,  where  Cyb  is  the  vortex  pair  dielectric  constant,  and  <7y  the  vortex 
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conductivity. 

Detailed  cinalysis  shows  that  for  the  present  experiment  the  prefactor  in  eqn.(l) 
is  essentially  real.  The  most  compelling  reason  for  this  is  suggested  by  the  experimental 
observation  that  (dR,dH)  oc  (dXj/dH),  except  for  a  T-dependent  factor.  Furthermore 
the  conductivity  term  due  to  free  vortices  is  suppressed  by  the  high  measuring 
frequency.  Also  the  imaginary  part  of  comes  essentially  from  those  vortex-eintivortex 
pairs  with  large  separations  which  behave  essentially  like  free  vortices  and  axe  similarly 
suppressed  due  to  large  w.  Thus  for  the  present  experiment,  in  the  nairrow  region  near 
Tp,  we  can  write  : 

Z,  =  evb(H,T,a;)  (R^  +  f  (2) 

where  e„i,(H,T,u;)  represents  the  real  part  of  ^6  argue  below  that  the  principal 
features  observed,  viz.  (dR,/dH)  <  0,  the  bump  in  X,  and  the  field  scale  Hc^(T)  are 
understandable  in  terms  of  the  T-  and  H-  behavior  of  Cyb- 


On  general  grounds,  we  expect  that  c^b  >  1  always,  approaching  1  for  T  »  and 
T  <<  Tkt-  (Of  course  c^b  =  1  T<.).  Thus  c^b  must  go  through  a  maximum,  jtist  as 

the  X,(T,0)  data  in  Fig.2  does.  Eqn.(2)  suggests  that  [€yb(T,H=0)  -1]  should 
correspond  to  [X,(T,H=0)/X,(T,H=2500e)  -1]  for  T  >  Tj<;t-  We  reason  that  X5(T,H  = 
2oOOe)  is  the  reactance  in  the  absence  of  v-v  pairs  whose  contribution  is  quenched  by 
the  magnetic  field  (see  below),  we  have  calculated  e^b  using^®’^®  e^b  =  ^ 

(dc/dr)  [(14D/r^)/(14D/r^- -io;)],  where 

correlation  length^*  =  ^GL(T)exp[b(T/TKT  -  1)'^^^],  where  Ginzburg- 

Landau  coherence  length,  and  b  is  a  non-universail  constant  of  order  unity  (b  =  0.125, 
see  later).  We  obtain  e  from  the  K-T  recursion  relations'^  with  values  of  D(Tkt)  =  6  x 
10"®  m^/s,  Cg  =  4.6(ref.3).  The  resultant  cadculation  (Fig.4  inset)  hais  a  "bump”  above 
Tkt)  which  is  similar  to  that  observed  in  the  data.  As  shown  in  Fig.4,  the 
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correspondence  between  data  and  the  czdculation  is  excellent.  Thus  the  zero-field  bump 
in  Xj(0,T)  is  a  high  frequency  manifestation  above  ^KT  of  the  renormalized  penetration 
depth  which  h«is  been  observed  in  low  superconductors  for  T  <  Tkt  only  as  A'^  = 
/  ^co¬ 
in  this  picture,  the  negative  f>eak  in  (dR,/dH)  cam  be  understood  in  terms  of  the 
H-dependence  of  c^b,  because  deyb/<lH  <  0.  This  can  be  seen  by  considering  the 
relevant  length  scales.  One  is  the  correlation  length  ^4.(T)  of  thermally  excited  v-v 
pairs.  The  other  is  the  separation  between  field-induced  vortices  ry  =  (A 

third  length  ~  lOA  is  «  both  and  rn).  At  low  fields  padrs  with 

separation  >  r^  will  behave  more  like  free  vortices  and  will  not  contribute  to  Rec^bi 
which  will  therefore  be  reduced  as  H  is  increased.  Thus  [d(Re  )/dH]  <  0  .  This 
occurs  over  a  field  scale  (  ~  250  Oe  ais  we  show  below).  In  contrast  the  free  vortex 
contribution  in  the  unified  expression  can  be  shown  to  be  =  ((5„*/A^)(H/H<.2) 

the  pure  flux  flow  limit,  which  would  increase  R^  but  occturs  over  a  field  scale  ~  and 
the  corresponding  increase  is  negligible. 

Temperature  dependence  of  the  quenching  field  (T).  A  natural  field  scaile 
occurs  when  r^  »^+(T)  which  is  a  measure  of  the  average  separation  or  pairs.  This 
leads  to  a  so-called  quenching  field  He^.(T)  =  above  which  most  pairs  will 

behave  like  free  vortices  and  will  not  contribute  to  e^b-  Using  the  previous  expression  for 
then  yields  ; 

H,,.(T)  =  H.,(T)  exp[.b'(T/TKr  - 1)’''’!  (3) 

where  b'  =  2b,  and  we  use  H„(T)  =  H„(0)  (1-T/T,),  T,  =  89.TK  and  Tkt  =  88.7K  . 
The  experimental  data  are  compared  with  the  above  expression  in  Fig.3.  Excellent 
agreement  is  seen  -  the  scaled  form  in  Fig.  3(b)  is  plotted  to  further  emphasize  this.  The 
least  square  fit  parameters  are  b'  =  0.25  and  11^2(0)  =  107T,  consistent  with  a  similar 
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comparison^  below  Tj^x-  “island”  defined  by  the  Hc^(T)  curve  in  Fig. 3(a)  may  be 

regarded  as  the  region  over  which  v-v  pairs  contribute.  At  higher  fields,  when  H  > 
Hc^(T),  the  pairs  axe  more  appropriately  treated  as  a  vortex  plasma.  The  Hc+(T)  data 
are  only  available  over  the  left  side  of  the  maximum,  i.e.  for  (dHc+/dT)  >  0.  The  other 
side  is  really  the  mean  field  superconducting  transition  at  which  is  a  vertical 

line  on  the  scale  of  Fig.  3(b). 

The  present  experiment  suggests  Tc  -  Tkt  ~  IK  in  YBCO,  which  is  substantially 
larger  than  predicted  by  simple  estimates  ( ~  0.03K)  based^  upon  the  film  thickness  and 
resistivity  (80/zf2-cm.),  even  after  corrections  for  the  high  =  4.6.  Other  estimates 
using  completely  different  experimental  techniques  range  from  IK  in  YBCO  films^,  0.15 
K  in  single  crystal  YBCO^  and  2.1K  in  single  cr3’’stal  BSCCO®.  Recent 
measurements*®  on  one  unit-cell  thick  film  and  YBCO/PBCO  superlattices  suggested 
that  the  KT  transition  is  an  intrinsic  property  of  Cu02  layers,  but  occurs  around  30K. 
The  evidence  suggests  that  interlayer  coupling*®  moves  the  KT  transition  to  values  near 
Tg,  which  is  consistent  with  the  larger  T^  -  T^x  values®’*®  in  “bulk”  BSCCO  and 
TBCCO  which  are  more  anisotropic. 

In  conclusion,  a  new  experiment  has  led  to  the  observation  of  new 
phenomenology  at  very  low  fields  near  T^  in  YjBa2Cu30_  ^  films.  The  observed 
phenomenology  closely  resembles  that  associated  \vith  the  KT  transition  in  an  ideal  2-D 
superconductor.  The  present  work  involves  new  physics  associated  with  £^1,  above  T^t 
not  observed  in  more  conventional  studies  of  the  KT  transition.  Furthermore,  the 
present  work  poses  new  challenges  to  our  theoretical  understanding  of  the 
superconducting  transition  in  YiBa2Cu30^^. 

We  thank  R.S.Markiewicz  and  J.V.Jose  for  useful  discussions.  This  work  was 
supported  by  Rome  Labs,  USAF. 
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FIGURE  CAPTIONS 


Fig.l.  Data  for  (dR,/dH)  vs.  T  at  3  fields.  Note  the  negative  peak  near  T^, 
followed  by  a  positive  peak  at  lower  T.  The  inset  shows  Rs/R„  vs.  T. 

Fig.2.  X,{T,H)/Xn  vs.  T  for  different  H  fields.  Note  the  bump  neax  T,.. 

Fig.3.  Quenching  field  H<.4.  vs.  T.  (a)  Linear  scaJe.  The  dashed  line  represents 
H<.2(T).  (b)  Scaled  plot  to  emphasize  the  comparison  with  theory.  The  solid  lines 
represent  calculations  based  on  the  KT  theory. 

Fig.4.  The  ratio  [X5(T,H)/X,(T,H=250  Oe)  -1]  for  3  different  magnetic  fields, 
and  T  >  Tj<t-  Inset.  Theoretical  calculation  of  €vb  *  ^  vs.  T.  Note  the  quaJititative 
agreement  with  the  data  in  the  main  figure  for  H  =  0. 
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ABSTRACT 

We  repon  our  studies  on  the  laser  annealing  of  superconducting  patterns  in 
semiconducting  (oxygen-poor)  YBa2Cu30<j^.x  thin  films.  The  films  were  epitaxially 
grown  on  MgO,  SrTi03,  and  LaA103  single  crystals  in  a  standard,  in-situ  if 
magnetron  sputtering  process  and  subsequently  annealed  at  450®C  in  pure  Ar  to 
become  semiconducting  at  300  K  and  insulating  at  low  temperatures.  Then  the 
superconductivity  was  locally  restored  by  placing  the  films  in  an  oxygen  atmosphere 
and  heating  up  selected  areas  by  a  focused  cw  Ar-ion  laser  beam.  A  number  of  6-|im- 
wide  to  400-nm-wide  and  up  to  few-mm-Iong  test  structures  have  been  fabricated  and 
measured.  TTie  best  lines  exhibited  0.5-K-wide  superconducting  transition,  = 

89.5  K,  and  Jg  above  10^  A/cm?.  Our  results  show  that  laser  annealing  is  a  promising 
technique  for  fabricadon  of  planar  YBCO  circuits  with  few-pm-widc  features. 

I.  ETTRODUenON 

Planar  patterning  of  YBa2Cu307_x  (YBCO)  thin  films  is  one  of  the  key 
technological  issues,  which  must  be  resolved  before  successful  fabrication  of  even 
moderately  complex  high-T^  superconduedng  electronic  and  optoelectronic  circuits 
will  be  possible,  Several  techniques  suitable  for  patterning  of  YBCO  films  such  as 
wet  chemical  and  plasma  etching,  ion  milling,  and  laser  ablation,  have  been 
developed.  However,  they  still  lack  the  maturity  achieved  in  metallic 
superconductors,  and  often  produce  structures  with  contaminated  (Tg-suppressed) 
surfaces  and  fuzzy  edges.  The  above  techniques  are  also  intrinsically  nonplanar  and, 
in  the  case  of  a  muldple-layer  YBCO  patterning,  result  in  a  large  number  of  highly 
undesirable  step-like  grain  boundary  weak-links. 

Recently  a  new  method  of  laser  processing  of  YBCO  films  has  been 
demonstrated.^"^  The  technique  is  based  on  the  observadon  that  YBCO  electrical 
and  opdeal  properties  arc  very  sensidve  to  its  oxygen  content,  which  can  be  easily 
changed  by  focused  laser  beam  healing  of  the  material,  either  in  the  presence  or  the 
absence  of  an  oxygen  atmosphere.  Local  headng  of  YBCO  enables  oxygen  to  diffuse 
into  the  laser-annealed  lines  and  form  oxygen-rich  (superconduedng)  regions  next  to 
depleted  (semiconduedng)  ones,  in  a  manner  similar  to  n-  and  p-type  diffusion 
regions  in  semiconductors.  The  process  is  noninvasive,  does  not  require  a  patterning 
mask,  and  does  not  contaminate  the  surface  of  patterned  films. 

In  this  work  we  report  our  studies  on  fabrication  and  superconducting 
properties  of  the  test  structures,  laser  annealed  in  intendonally  oxygen-depleted 
(semiconduedng)  YBCO  films. 
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11.  THIN-FILM  FABRICATION 


Our  fabrication  procedure  staned  with  superconducting  YBCO  films, 
epitaxially  grown  in  the  in-situ  fabrication  process.  A  number  of  films  with  the 
thickness  from  80  to  200  nm  have  been  deposited  on  MgO  and  SrTi03  substrates  by 
if  magnetron  sputtering.^  The  films  exhibited  about  a  1.5-K-wide  (10%  to  90%) 
resistive  superconducting  transition,  AT,  with  the  zero-resistance  temperature,  T^q, 
ranging  from  83  K  to  87  K.  In  addition,  we  used  280-nm-thick  films  grown  on 
LaA103  by  single  target  sputtering.^  The  latter  films  were  characterized  by  excellent 
superconducting  properties  (AT  <  0.5  K  and  Tco^  89.5  K).  All  the  films  were  c-axis 
oriented  and  exhibited  critical  current  densities,  greater  than  10^  A/cm^  at  77  K. 

The  superconducting  films  were,  subsequently,  intentionally  deoxidized  by 
furnace  annealing  at  450‘’C  in  pure  argon  atmosphere.  The  duration  of  the 
deoxidization  process  was  varied  from  60  min  to  120  min,  depending  on  the  film 
thickness  and  the  desired  final  oxygen  content  Figures  1  and  2  demonstrate  resistive 
behaviors  for  oxygen-depleted  YBCO  films  deposited  on  SrTi03  (Fig.  1)  and  LaA103 
(Fig.  2),  and  annealed  for  90  min  and  180  min,  respectively.  We  note  that  in  both 
cases  [see  Figs.  1(a)  and  2(a)]  the  film  resistance  rapidly  increased  at  low 
temperatures  and  showed  no  signs  of  the  superconducting  transition.  At  4.2  K  both 
films  were  insulating.  The  observed  resistance  versus  temperature  dependence,  R(T), 
is  typical  for  a  semiconducting  material  with  thermally  activated  transport.  This  latter 
observation  is  demonstrated  in  Figs.  1(b)  and  2(b),  where  the  ln[R(T)/R(300  K)] 
dependence  is  plotted  as  a  function  of  inverse  temperature.  We  note  that  in  the  high- 
to-moderate  temperature  range,  experimental  points  follow  a  straight  line,  which 
corresponds  to  the  cxp(Ea/kT)  formula,  where  ^  is  the  activation  energy  and  k  is  the 
Boltzmann  constant  In  Figs.  1(b)  and  2(b)  the  fitting  lines  are  plotted  for  = 
73  meV  and  =  30  meV,  respectively.  At  low  temperatures,  the  film  resistance 
increased  slower  than  expected  from  the  simple  exponential  behavior,  which  we 
interpret  as  a  contribution  from  the  remnant  metallic-like  transport. 
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Fig.  1.  Resistive  behavior  of  an  oxygen-poor  80-nm-thick  YBCO-on-SrTi03  film, 
(a)  linear  R(T)/R(300  K)  dependence,  (b)  logarithmic  R(T)/R(300  K) 
dependence. 
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Fig.  2.  Resistive  behavior  of  an  oxygen-poor  280-nm-thick  YBCO-on-LaA103  film, 
(a)  linear  R(T)/R(300  K)  dependence,  (b)  logarithmic  R(T)/R(300  K) 
dependence. 

III.  LASER  ANNEALING 

The  optical  part  of  our  laser  annealing  apparatus  consisted  of  an  Ar-ion  cw 
laser  (X  =  0.514  pm),  beam  shutter,  and  20x  optical  microscope  objective.  The  YBCO 
■  .mpie  was  located  inside  a  gas  chamber  attached  to  a  computer-controlled  X-Y 
translational  stage.  The  chamber  atmosphere  was  flowing  pure  oxygen.  After  the 
initial  search  for  optimal  annealing  conditions,^  we  realized  that  for  all  our  films  the 
best  quality  superconducting  lines  could  be  obtained  in  a  single/double-sweep  laser¬ 
annealing  process  with  the  very  low  (0.5-2.0  pm/s)  translational  stage  speed.  The 
optimal  laser  power  density  was  in  the  0.2-1. 0  mW/pm?  range. 

The  described  above  annealing  arrangement  allowed  us  to  write  two- 
dimensional,  few  millimeters  in  size  patterns  with  the  line  dimensions  varying  from 
5  pm  to  400  pm.  Figures  3(a)  and  3(b)  present  optical  transmission  micrographs  of  the 
superconducting  structures  (dark  lines)  oxygen  annealed  in  semiconducting  YBCO 
films  deposited  on  LaA103  and  SrTi03,  respectively.  Figure  3(a)  shows  the  example 
of  a  60-pm-wide  line,  uniformly  annealed  by  a  50-pm-diam  laser  beam.  We  note  that 
the  interface  between  the  oxygen-rich  and  oxygen-poor  phases  is  very  well  defined 
and  is  extremely  clean.  For  comparison.  Fig.  4(b)  presents  a  wide  line  fabricated 
using  multiple.  20-pm-wide  laser  paths.  In  this  case,  the  line  was  not  completely 
uniform  and  its  “multiple-path  structure”  is  clearly  visible.  The  multiple-path  method 
also  led  to  a  dramatic  increase  in  the  patterning  time. 

IV.  SUPERCONDUCTING  PROPERTIES  OF  LASER-ANNEALED  LINES 

The  electrical  measurements  of  the  laser-annealed  lines  were  performed  in  the 
standard  four-probe  geometry  using  a  temperature-controlled,  computer-driven 
station.  The  sample  electrical  contacts  were  wire-bonded  to  300-nm-thick  silver 
contact  pads  evaporated  directly  on  the  top  of  the  annealed  lines.  Figure  4  shows  the 
superconducting  transitions  for  the  structures  presented  in  Fig.  3.  We  note  that  in  both 
cases,  superconducting  propenies  of  the  laser-annealed  lines  are  the  same  as  those  of 


the  original  superconducting  films.  Thus,  somewhat  depressed  Tc,  observed  in  our 
films  fabricated  by  rf  magnetron  sputtering,  should  not  be  associated  with  oxygen 
deficiency  and  is  apparently  due  to  the  film  nonoptimal  Y:Ba:Cu  cation  ratio.  The 
R(100  K)/R(300  K)  ratios  for  the  both  samples  shown  in  Fig.  4  are  relatively  large. 


Fig.  3.  Optical  transmission  micrographs  of  oxygen-rich  (superconducting) 
structures,  laser  annealed  in  oxygen  deficient  YBCO  films,  (a)  60-|im-wide 
structure  annealed  by  the  single-path  method,  (b)  200-|im-wide  line  and 
-400-irm-wide  contact  pad  annealed  by  the  multiple-path  method. 
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Fig.  4.  Comparison  between  the  superconducting  transitions  of  the  oxygen-annealed 
lines  presented  in  Fig.  3  and  original  superconducting  films.  UR  168  denotes 
the  80-nm-thick  film  deposited  on  SrTiO^,  while  the  label  W.2-43-A4 
corresponds  to  the  280-nm  YBCO-on-LaA103  film. 

but  we  must  remember  that  the  actual  R(T)  measurements  were  taken  in  a 
configuration,  which  represented  a  parallel  connection  of  the  laser-annealed  test 
structure  and  its  semiconducting  surrounding.  The  critical  current  density. 
measurements  preformed  on  the  sample  W.2-43-A4  showed  that  was  above 
10^  A/cm^  at  77  K.  but  we  believe  it  can  be  increased  to  the  >10^  A/cm^  level  by 
further  optimizauon  of  the  laser-annealing  process. 


V.  CONCLUSIONS 


We  have  demonstrated  that  the  annealing  process,  performed  in  oxvsen  with 
the  help  of  a  focus  laser  beam,  is  a  useful  technique  for  patterning  of  YBCO  thin 
films.  TTie  method  produces  well-defined  lines  with  undamaged  crystalline  structure 
and  very  sharp  interfaces.  The  annealing  is  fully  reversible  and  the  patterns  can  be 
either  erased  by  furnace  annealing,  or  rewritten  by  subsequent  laser  writing.  Most 
imponantly,  the  patterns  are  completely  planar,  free  of  surface  contamination,  and 
they  are  characterized  by  superconducting  properties,  which  are  as  good  as  those  of 
the  original  superconducting  films. 

We  strongly  believe  that  the  presented  laser-annealing  procedure  can  be 
successfully  implemented  in  fabricating  practical  electronic  and  optoelectronic  high- 
Tp  devices.  The  technique  is  especially  promising  in  YBCO  optoelectronics,  since  in 
this  compound  both  electrical  and  optical  properties  are  very  sensitive  to  the  sample’s 
oxygen  content.  Several  devices,  such  as  coplanar  transmission  lines,  traveling-wave 
optical  modulators,  oxygen-poor  photoconductive  switches,  and  field-effect 
transistors  have  been  already  proposed.^  All  structures  are  completely  monolithic  and 
can  be  fabricated  using  laser  patterning  and  wridng  methods. 
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APPENDIX  23 


Epitaxial  SrTiOj  films  were  used  as  buffer  layers  and  tunnel  barriers  for  40103  ( BKOO ) 

films  and  tunnel  junctions,  respectively.  In  contrast  to  BKBO  films  grown  directly  un  LaA103, 
films  grown  on  SrTiOj  (001)  buffer  layers  on  LaAl03  had  a  single  (001)  growth  orientation, 
with  TgS  of  26  K  and  A6)=0.T.  These  values  are  both  equal  to  those  obtained  for  growth.«n  a 
SrTi03  single  crystal.  A  similar  improvement  was  obtained  for  BKBO  grown  on  StTiOj-buffered 
NdGa03  substrates.  Tunnel  junctions  consisting  of  BKBO(001)/SrTiO3/BKBO  layers  had 
substandal  contributions  to  the  gap  voltage  from  both  the  base  and  top  BKBO  electrodes. 


BKBO  has  a  superconducting  transition  temperature 
of  30  K*  and,  unlike  the  higher  oxide  superconductors, 

wbidi  contain  two-dimensional  Cu-O  planes,  BKBO  is  iso¬ 
tropic^  and  has  a  reladvdy  long  coherence  length  of  3S-S0 
Josepfasoh  junedotts  made  fiom  this  material  can  be 
operated  at  temperatures  which  allow  the  use  of  closed- 
cycle  helium  r^geratkm.  All-BKBO  tunnel  junedons 
have  already  been  fabricated  using  KNb03‘  and  BaBijOy^ 
barrier  layers.  We  have  found  SrTi03,  however,  to  be  tte 
most  promising  substrate  material  for-reprodudbly  depos¬ 
iting  higher  singleorientadon  films.*  Consequently, 
this  material  was  not  oidy  studied  as  a  buffer  layer  for 
■  growing  BKBO  films  on  more  tcdmologically  useful  sub¬ 
strates  such  as  LaA103  and  NdGa03  but  was  also  utilized 
as  the  barrier  layer  in  SIS  junctions. 

A  Baa6Ka6BiOx  target  was  used  to  deposit  supercon¬ 
ducting  BKBO  films  by  rf  magnetron  sputtering  in  an  off- 
axb  configuradon.  These  were  grown  on  SrTi03  (001), 
LaA103(001),  NdGa03  (110),  and  on  the  latter  two  with 
SrTi03  ((X)l )  buffer  layers.  Details  of  the  depositions  and 
fabrkadon  of  the  junctions,  which  were  grown  on  NdGa03 
(001),  have  been  given  previously.*  Resulting  films  had  a 
composition  of  ~Bao.«Ka4Bi03_j,  with  a  lattice  parameter 
of  4.280  A. 

Resistive  transitions  of  BKBO  grown  on  SrTi03, 
LaA103.  and  SrTi03  (001)  buffer  layers  on  LaA103,  all 


FIG.  I.  A  comparison  of  rcsistiw  t/anriiiom  lor  DKBO  films  grown  on 
LaAlO,.  SrTiOi'buflcr  UAlO>.  and  SrTiO^ 


during  the  same  run.  are  shown  in  Fig.  1.  Room- 
temperature  resistivity  measured  on  a  film  on  SrTi03  was 
~200  ftCl  cm.  The  films  were  metallic  with  p(300  K)/ 
p(2S  K)=2.1.  It  can  be  seen  that  BKBO  films  grown 
directly  on  LaA103  had  lower  T/s  than  those  on  SrTi03 
substrates,  but  when  SrTi03  buffer  layers  were  used  on  the 
LaA103,  the  TVs  of  the  BKBO  films  were  equal  to  those  of 
films  grown  directly  on  Sr'n03  and  actually  had  sharper 
transitions.  An  improvement  of  approximately  3  K  was 
obtained  as  wdl  in  the  BKBO  by  using  SrTi03  buffer  lay¬ 
ers  on  NdGa03.  Measurements  of  ac  susceptibility  showed 
inductive  transitions  to  increase  for  films  grown  on  buffer 
layers  by  5-6  K  for  both  LaA103  NdGa03. 

The  higher  TV’s  and  sharper  transitions  correspond  di¬ 
rectly  to.  the  presence  of  a  single-orientation  film.  Figure  2 
shows  a  comparison  of  the  BKBO  (022)  and  (003)  peaks, 
which  ate  theoretically  located  at  26  values  of  61.22*  and 
6S.3T,  respectively,  using  Cu  Ka  radiation  and  a-«iiming  a 
lattice  parameter  of  4.283  A.^  No  (022)  peak  was  seen 
either  for  films  grown  on  SrTi03  (001 )  substrates  or  buffer 
layers  on  LaA103,  whereas  a  very  large  (003)  peak  was 
seen  in  each  case,  indicating  predominantly  (001)  growth. 
Although  (011)  growth  on  NdGa03  was  greatly  dimin¬ 
ished  by  the  use  of  SrTi03  buffer  layers,  a  fraction  (  —2%) 
of  the  grains  still  had  an  (01 1 )  orientation.  A  mixture  of 


FIG.  Z.  X-ny  ISscaia  showing  a  comparison  of  (01 1 )  BKBO  growth  10 
(001 )  growth  on  various  substrates. 
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FIG.  3.  Mosaic  spread  of  misaligned  grains  for  the  (001)  growth  direc¬ 
tion  of  BICBO  films  on  various  substrates. 

orientations  of  BKBO  was  obtained  on  the  NdGaO}  sub¬ 
strates  used  for  BKBO/SrTiOj/BKBO  junctions,  as  well, 
although  the  fraction  of  (Oil)  growth  was  much  lower 
than  for  most  films  grown  directly  on  NdGa03.  This  may 
have  been  due  to  the  difference  in  substrate  miscut  of  var¬ 
ious  wafers. 

Typical  rocking  curve  data  (Ad>|)  for  the  BKBO 
(002)  diffraction  peak  are  shown  in  Fig.  3.  This  shows  the 
mosaic  spread  in  the  growth  direction  and  clearly  indicates 
a  decrease  (from  1.3*  to  0.T)  in  the  spread  when  a  Sr'Ii03 
((X)l)  buffer  layer  is  used  on  LaA103.  The  BKBO  (002) 
peak  is  the  same  width  for  films  grown  on  SrH03  buffer 
layers  as  it  Is  for  films  grown  directly  on  $11103  substrates. 

Not  only  were  films  grown  on  buffer  layers  well- 
oriented  in  the  growth  direction  but  in  the  plane  of  the  film 
as  welL  Values  of  which  indicate  an  average  of  mosaic 

spreads  in  the  growth  direction  and  in  the  plane  of  the  film, 
were  decreased  from  1.2*  for  films  grown  rtirectly  on 
LaA103  to  0.5*  for  films  grown  on  SrTi03  buffer  layers.  To 
obtain  the  rocking  curve  widths  defined  as  Ao>i,  the  BKBO 
(303)  peaks  were  measured  with  (u=20/2  and  ^=45*. 
Epitaxy  is  also  indicated  by  the  alignment  of  substrate, 
buffer  layer,  and  BKBO  peaks  shown  in  the  ^  scans  in 
Fig.  4. 

An  important  consideration  in  the  growth  of  trilayer 
Junctions  is  whether  the  counterelectrode  will  grow  epitax¬ 
ially  on  the  barrier  layer.  Results  obtained  for  growth  of 
BKBO  on  SrTi03  (001 )  substrates*  as  well  as  on  SrTi03 
buffer  layers  verify  that  BKBO  does  indeed  grow  epitaxi¬ 
ally  on  SrTi03,  therefore  indicating  the  latter  to  be  a  fa¬ 
vorable  material  for  artificial  barriers.  It  was  found  that 
BKBO/SrTi03/BKBO  trilayers  grown  directly  on 
NdGa03  (001)  grew  epitaxially  with  a  predominantly 
((X)I)  orientation. 

Tunneling  results  for  a  BKBO/SrTi03/BKBO  junc¬ 
tion  are  shown  in  Fig  5.  Although  a  gap  voltage  cannot  be 
unambiguously  determined  from  the  dV/dl  curves,  (he 
scale  of  the  part  of  the  curves  which  exhibit  a  strong  tem¬ 
perature  dependence  in  the  range  of  4-20  K  is  7-10  mV. 
From  previous  measurements  of  SIN  junctions  with 
BKBO  base  electrodes,*  and  in  agreement  with  others,*  a 
value  of  2A/kr,3>4.3  was  determined  for  the  energy  gap 
of  BKBO,  A{T <7\,).  Based  on  this  ratio,  a  voltage  gap. 


FIG.  4.  Thein-pbneoonitarionofaBKBO  (001)  film  grown  oo  SrTiOj- 
buflised  LaAlO).  Tliis  4  Kao  is  of  the  BKBO,  SrTiOj.  ud  LsaIO]  (033) 
x-ny  dilTnction  peaks. 

(iV)ue+ A,gp)/e,  of  approximately  7  mV  would  be  expected 
if  the  contributions  to  the  gap  voltage  from  both  the  base 
and  top  electrodes  were  consistent  with  the  Tg  of  the  bulk 
of  this  particular  film.  The  general  agreement  between  the 
expected  gap  voltage  and  the  voltage  scale  of  the  structure 
visible  in  Fig  5  is  an  indication  that  the  inidally-deporited 
BKBO  layer  in  the  top  electrode,  approximately  a  coher¬ 
ence  length  thick,  was  of  high  quality. 

The  effective  thidmess  and  height  of  the  SrTi03  barrier 
for  this  junction  were  calculated  using  a  rectangular- 
barrier  modeL'"  The  width  was  ~60  A  and  the  height  was 
between  220  and  360  mV  at  4.2  and  14.2  K,  respectively. 
The  junctions  were  highly  resistive,  which  may  be  why  no 
critical  current  was  observed  at  zero  voltage.  The  nominal 
deposited  barrier  thickness  was  200  A  ,  in  disagreement 
with  the  calculated  thickness  of  60  A.  This  implies  that  the 
barrier  grew  nonuniformly,  with  leakage  occurring 
through  the  thinner  parts  (thus  the  shape  of  the  I-V 


FIG.  i.  TunnHinf  data  for  m  epitaxial  BKOO/SrTiO,/BKBO  inlayer 
Junction  at  vanous  icmpcractues  bdow  r, . 
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curves)  or  that  detects  present  in  the  bamcr  led  to  in¬ 
creased  tunneling  probabilities. 

Attempts  to  use  thinner  SrTiOj  barriers  resulted  in 
superconducting  shorts,  probably  due  to  pinholes  in  the 
barrier.*  The  large  junction  areas  used  in  this  work,  2:3 
mm^,  contributed  to  the  likelihood  of  a  pinhole  occurring 
in  the  Junction  area. 

In  summary,  we  have  shown  that  SrTiO]  (001)  films 
are  useful  as  both  buffer  layers  for  obtaining  high-quality, 
single-orientation  BKBO  films  and  as  barrier  layers  in 
BKBO  epitaxial  SIS  junctions. 
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We  report  our  snidies  on  electrical  properties  of  Y-Ba-Cu-O  test  devices  and  circuits  fabricated  using 
a  laser-writing  patterning  technique.  The  patterning  procedure  is  noninvasive,  does  not  require  a 
patterning  mask,  and  does  not  contaminate  nor  damage  the  surface  of  patterned  films.  Our 
laser-written,  o.\ygen-rich  lines  (typically  4-100  pim  wide)  possess  excellent  superconducting 
properties  with  zero  resistivity  at  89.5  K  and  critical  current  densities  of  above  2  MA/cm^  at  77  K. 
On  the  other  hand,  oxygen-poor  regions  are  semiconducting  and  exhibit  thermally  activated  trans¬ 
port,  well  descnbed  by  a  three-dimensional,  variable-length  hopping  process.  Their  resistance  be¬ 
low  100  K  is  above  10  Mfl/square.  A  number  of  test  structures  patterned  by  laser  writing,  such  as 
a  microbridge,  coplanar  transmission  line,  open-ended  microwave  resonator,  photoconductive 
switch,  and  Y-Ba-Cu-0  field-effect  transistor,  have  been  presented. 


Planar  patterning  of  YBa2Cu307_jf  (YBCO)  thin  films  is 
one  of  the  key  technological  issues  that  must  be  resolved 
before  successful  fabrication  of  even  moderately  complex, 
high-T^  superconducting  circuits  will  be  possible.*  YBCO  is 
a  multielement  material  with  highly  anisotropic  crystalline 
structure  that  makes  the  etching  process  difficult  and  often 
results  in  patterns  with  fuzzy  edges  and  a  degraded  (e.g., 
oxygen  deficient)  chemical  composition.  In  addition,  the 
YBCO  surface  is  extremely  sensitive  to  contamination  by 
chemicals  used  in  standard  patterning  procedures. 

Recently,  a  new  laser  method  for  patterning  YBCO  cir¬ 
cuits  has  been  developed.'*^  The  technique  is  based  on  the 
observation  that  YBCO  electrical  and  optical  properties  are 
very  sensitive  to  the  material’s  oxygen  content.  Oxygen  can 
be  diffused  in  or  out  of  the  YBCO  film  by  heating  the  sample 
in  either  the  presence  or  the  absence  of  an  oxygen  atmo¬ 
sphere.  The  heating  can  be  done  locally  with  a  focused  laser 
beam.  Thus,  an  intentionally  oxygen-depleted  (insulating  at 
low  temperatures)  YBCO  film  can  be  patterned  by  embed¬ 
ding  in  it  oxygen-rich  (superconducting)  lines  or  vice  versa. 
The  writing  is  fully  reversible,  and  the  patterns  can  be  either 
erased  by  fiimace  annealing  or  rewritten  by  subsequent  laser 
writing.  Most  importantly,  the  technique  is  noninvasive,  does 
not  require  a  patterning  mask,  and  results  in  completely  pla¬ 
nar  structures,  free  of  surface  contamination  or  edge  degra¬ 
dation. 

The  aim  of  this  article  is  to  demonstrate  that  the  laser¬ 
writing  method  is  a  reliable  and  practical  technique,  perfectly 
suited  for  patterning  even  complicated  YBCO  thin-film  de¬ 
vices  and  circuits.  We  examine  several  laser-written  test  de¬ 
vices  and  show  that  they  exhibit  very  good  superconducting 
properties  and  can  survive,  without  degradation,  longterm 
storage  in  air  at  room  temperature.  Some  of  them  also  com¬ 
bine  in  a  new  and  unique  way  the  superconducting  and  di- 
elearic  properties  of  the  oxygen-rich  and  oxygen-poor 
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YBCO  phases.  These  latter  structures  are,  in  our  opinion, 
prime  candidates  for  the  proposed  high-J^  superconducting 
optoelectronics.^ 

Our  laser-patterning  apparatus  consisted  of  an  Ar-ion 
continuous-wave  laser  (X=0.514  /on),  shutter,  focusing  mi¬ 
croscope,  and  computer-controlled  Y-Y  translational  stage 
with  a  gas  chamber  and  sample  holder.  The  sample  ambient 
atmosphere  was  either  pure  nitrogen  or  oxygen.  Contrary  to 
our  previous  arrangement,®  the  substrate  of  the  YBCO  film 
was  not  in  a  direct  heat  contact  with  the  metallic  substrate 
holder,  but  it  was  suspended  on  a  thin  thermal  insulator.  This 
change  allowed  us  to  reproducibly  write  two-dimensional 
patterns  not  only  on  YBCO-on-LaA103  films  but  also  on 
films  deposited  on  MgO  and  SrTi03 .  Typical  line  dimensions 
of  our  patterns  varied  from  <5  to  100  pan.  Laser-power 
intensity  applied  to  the  film  was  kept  between  0.2  and  5 
mW//um^  and  a  translational  stage  speed  was  in  the  range  of 
OJ-5  pjnjs  for  writing  oxygen-rich  lines  and  ~50  fttnJs  for 
(written  in  N^)  oxygen-poor  stru.iufcs. 

The  test  structures  were  laser  patterned  on  about  80-  to 
300-nm-thick  epitaxial  YBCO  films  grown  on  LaA103  and 
SrTi03  substrates  using  a  single-target  if  sputtering 
technique.®  The  best  as-deposited  films  exhibited  about 
0.5-K-wide  (10%-90%)  superconducting  transition  AT,, 
with  the  zero  resistivity  at  89.5  K,  and  the  critical  current 
density  Jg.  of  above  2  MA/cm^  at  77  K.  The  films  have  been 
intentionally  deoxygenated  by  radiative  heating  for  60  min  in 
15  mT  of  argon  at  680  “C  to  become  nonsuperconducting. 
Indeed,  after  the  argon  annealing,  the  film  resistance  vs  tem¬ 
perature  R{T)  curve  was  a  rapidly  increasing  function  of  the 
temperature  decrease  with  no  signs  of  the  superconducting 
transition.  The  film  sheet  resistance  below  100  K  was  above 
10  Mfl/square,  which  corresponded  to  the  upper  limit  of  our 
resistance-measurement  apparatus. 

Optical  transmission  micrographs  of  a  superconducting 
microbridge,  oxygen-poor  YBCO  gap,  coplanar  microwave 
structure,  and  YBCO  electric-field  device — the  four  laser- 
written  test  stiuctures  presented  in  this  letter — are  shown  in 
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FIG.  2.  Resisuoce  and  ciiticai  cuircnl  density  dependence  on  temperature 
fot  the  mkiobtidge  shown  in  Fig.  1(a). 


FIG.  1.  Optical  transmission  micrographs  of  oxygen-rich  (dark)  test  struc¬ 
tures,  laser  written  in  oxygen-depleted  (light-gray)  YBCO  films,  (a) 
wide  and  160->im-long  superconducting  microbridge;  (b)  10-/tm-wide 
oxygen-poor  YBCO  gap  incorporated  into  a  superconducting  transmissioo 
line;  (c)  left  end  of  an  open-ended  coplanar  microwave  resonator;  and  (d) 
field-effect  test  structure  prepared  in  a  single  YBCO  film. 

Figs.  1(a)- 1(d),  respectively.  All  patterns  exhibit  very  sharp 
(less  than  1  /tm  wide)  superconducting-semiconducting  in¬ 
ternees  with  linear  current-voltage  characteristics.^  The  de¬ 
vices  presented  in  Figs.  l(a)-l(c)  were  patterned  by  writing 
oxygen-rich  (superconducting)  lines  in  fully  oxygen-depleted 
YBCO  films.  A  reverse  procedure,  based  on  overwriting 
oxygen-rich  lines  in  N2  atmosphere,  was  implemented  for 
patterning  the  two,  10-/im-wide  coupling  slits  in  the  copla¬ 
nar  resonator  [one  slit  is  shown  in  Fig.  1(c)].  In  the  case  of  a 
field-effect  transistor  structure  [.Fig.  1(d)],  we  started  the  fab¬ 
rication  process  with  a  partially  deoxygenated  film  be¬ 
tween  10  and  60  K,  depending  on  the  design)  and  patterned 
in  O2  atmosphere  fully  oxygenated  drain  and  source  elec¬ 
trodes  (the  two  dark  regions).  Next,  we  changed  the  sample’s 
ambient  atmosphere  from  O2  to  N2  and  produced  oxygen- 
depleted  areas  (the  light-gray  regions)  above  and  below  the 
electrodes,  completely  insulating  the  transistor  structure  from 
the  rest  of  the  film.  As  a  result,  we  obtained  at  the  center  of 
the  device  a  1-mra-long  and  60-/xm-wide,  partially  deoxy¬ 
genated  transistor’s  channel. 

Figure  2  shows  the  R(,T)  and  J^(r)  curves  measured  for 
the  7-/xm-wide  microbridge  presented  in  Fig.  1(a).  We  note  a 
sharp  superconducting  transition  of  our  laser-patterned  line. 
A  somewhat  unconventional  shape  of  the  normal-state  R(T) 
curve  is  due  to  the  fact  that  at  high  temperatures  a  test  cur¬ 
rent  also  flows  through  the  oxygen-poor  YBCO,  which  is 
parallel  to  the  microbridge  [see  Fig.  1(a)].  At  low  tempera¬ 
tures  (below  150  K),  R(T^  decreases  linearly,  since  in  this 
temperature  range,  the  resis;i’vity  of  the  oxygen-poor  mate¬ 
rial  is  extremely  high.  The  low  temperature  extrapolation  of 
the  /?(r)  curve  crosses  the  resistance  axis  at  the  axis  origin. 
The  J^(  T)  dependence  is  almost  linear,  and  increases  at 
the  rate  of  about  0.2  MA/cm^/K,  reaching  above  2  MA/cm^ 
at  77  K. 

Figure  3  shows  in  detail  the  resistive  transition  presented 
in  Fig.  2  (sample  A,  open  squares),  together  with  the  transi¬ 


tion  from  the  original,  as-deposited  film  (sample  A,  closed 
squares)  and  the  traces  (sample  A,  closed  and  open  circles) 
measured  on  the  same  sample,  but  two  and  eight  months 
after  the  original  patterning.  We  see  that  instead  of  expected 
degradation  in  the  sample’s  superconducting  properties,  the 
laser-written  structures  actually  exhibit  slightly  enhanced 
T'ai’s  and  improved  /?(100  K)/R{300  K)  ratios.  We  associate 
these  effects  with  a  slow  process  of  longterm  oxygen  order¬ 
ing,  which  should  lead  to  the  film’s  “self-improvement” The 
room-temperature  storage  in  air  also  did  not  degrade  physi¬ 
cal  appearance  of  our  samples  nor  their  superconducting¬ 
semiconducting  interfaces.  Figure  3  also  presents  the  two 
superconducting  transitions  (sample  B,  open  and  closed 
squares)  for  a  laser-written  microbridge  patterned  in  a 
magnetron-sputtered  YBCO-on-SrTiOj  film.  Comparing  the 
sets  of  curves  for  the  A  and  B  samples,  we  note  that  in  both 
cases  the  laser-patterned  lines  and  the  original  films  exhibit 
the  same  and  Tco-  Thus,  a  depressed  ,  observed  in  the 
B  sample,  should  not  be  associated  with  oxygen  deficiency 
or  improper  patterning  but  is,  apparently,  due  to  the  film’s 
nonoptimal  Y:Ba:Cu  cation  ratio,  or  large  concentration  of 
defects. 
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FIG  3.  Comparison  between  the  superconducting  transitions  of  laser- 
written.  oxygen-rich  lines  and  the  original,  as-deposited  superconducting 
films.  “A"  denotes  the  280-nm-thick.  YBCO-on-LaAIO,  film,  while  "B" 
corresponds  to  the  80-nm-thick  film  deposited  on  SrTi03. 
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FIG.  4.  Logaiitbmic  /l(r)//t(300  K)  dependence  vs  the  fourth  root  of  the 
inverse  temperature  for  the  oxygen-poor  YBCO  gap  shown  in  Fig.  1(b). 

Resistive  measurements  of  the  oxygen-poor  YBCO  were 
performed  on  the  sample  shown  in  Fig.  1(b).  We  observed  a 
thermally  activated  transport,  which  is  characteristic  for  dis¬ 
ordered  semiconductors.  This  latter  fact  is  illustrated  in  Fig. 
4,  where  the  ln[R(r)//?(300  K)]  dependence  is  plotted  as  a 
function  of  the  fourth  root  of  the  inverse  temperature.  We 
note  that  most  of  our  experimental  data  points  follow  a 
straight  line,  demonstrating  that  the  low-temperature  trans¬ 
port  in  oxygen-poor  YBCO  is  controlled  by  three- 
dimensional,  variable-length  hopping.  We  also  note  that  the 
complete  structure  presented  in  Fig.  1(b) — a  gap  incorpo¬ 
rated  in  a  transmission  line — is  very  similar  to  that  of  a  GaAs 
photoconductive  switch  (so-called  “Auston  switch”),  rou¬ 
tinely  used  in  generating  ultrafast  electrical  transients.'®  In¬ 
deed,  we  fabricated  the  above  structure  with  the  intention  to 
study  the  dynamics  of  the  optical  electron-hole  pair  genera¬ 
tion  in  semiconducting  YBCO. 

Figure  1(c)  shows  one  end  of  a  coplanar  microwave 
resonator.  The  entire  resonator  is  7.5  mm  long  and  is  incor¬ 
porated  into  an  oxygen-rich  coplanar  transmission  line.  A 
resonator  structure  identical  to  that  shown  in  Fig.  1(c)  but 
with  the  line  separation  of  285  /rm  has  been  tested  and  has 
shown  very  good  microwave  properties.  Its  quality  factor 
measured  at  24  K  was  about  5000  at  6  J  GHz.  We  also  stud¬ 
ied  a  50  fl  coplanar  transmission  line,  laser  written  in  the 
same  process  as  the  resonator.  The  measurements  were  per¬ 
formed  in  the  frequency  range  of  1-15  GHz,  and  we  ob¬ 
served  more  than  60  dB  improvement  in  the  line-transmitted 
power  S21 ,  as  the  temperature  was  lowered  from  300  K  to 
that  below  T^.  At  all  temperatures  below  T,,  the  52i  was 
practically  constant  and  near  0  dB,  indicating  low  microwave 
losses  of  the  oxygen-poor  YBCO. 

A  top  view  of  a  YBCO  field-effect  transistor  with  a  par¬ 
tially  deoxygenated  channel  is  presented  in  Fig.  1(d).  The 
homogeneous  regions  with  three  different  levels  of  gray,  vis¬ 
ible  in  this  figure,  correspond  to  (1)  highly  oxygenated 
(r,-*90  K)  drain  and  source  electrodes,  (2)  panially  deoxy¬ 
genated  (r,**25  K)  channel,  and  (3)  oxygen-poor  (insulat¬ 
ing)  transistor  borders.  The  structure  was  patterned  in  a  100- 
nm-thick  YBCO-on-SrTi03  film,  with  the  film  substrate 
serving  as  the  device’s  gate  dielectric.  Figure  5  presents  the 
drain  voltage  vs  the  channel  current  characteristics  for  an 
as-fabricated  device,  operated  in  a  common-source  mode  at 


FIG.  S.  Drain  voltage  vs  channel  current  characteristics  of  the  sample  of 
Fig.  1(d),  registered  at  11.95  K  for  three  different  values  of  Vj  . 

12  K.  We  note  that  the  positive  gate  voltage,  caused 
suppression  of  J ^ ,  while  the  negative  enhanced  .  We 
observed  up  to  43%  enhancement  in  our  best  sample,  and 
even  higher  increase  is  expected,  since  we  applied  to  the 
gate,  electric  fields  which  were  about  an  order  of  magnitude 
lower  than  those  typically  applied  by  the  other  groups.  We 
need  to  stress,  however,  that  the  changes  observed  by  us 
were  partially  irreversible  and  samples  measured  more  than 
one  week  after  their  fabrication  did  not  exhibit  any  measur¬ 
able  field  effect.  The  above  observation,  as  well  as  the  mag¬ 
nitude  and  the  sign  of  the  modulation,  leads  us  to  believe 
that  the  field  effect  in  oxygen-depleted  YBCO  is  of  a  chemi¬ 
cal  nature  and  is  related  to  the  electric-field-induced  modifi¬ 
cation  of  the  oxygen  order  in  YBCO,  exactly  as  it  has  been 
predicted  by  Chandrasekar  et  al.^^  Detailed  studies  on  the 
physics  of  the  charging  effect  in  oxygen-deficient  YBCO  thin 
films  will  be  presented  elsewhere.*^ 
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ABSTRACT 

Electronics  based  on  high  tranadon  temperature  superconductive  thin  film  materials 
is  presently  viable  in  some  in^rtant  niches,  particularly  in  passive  tmerowave  circuits. 
Applications  requiring  Josephson  junctions  are  impeded  by  the  lack  of  reproducible 
junctions,  but  the  junctions  that  can  be  produced  are  good  candidates  for  the  new  Rapid 
Single  Flux  Quantum  class  of  extremely  fast  digital  circuits.  Other  devices  that  t^e 
advantage  of  the  weak  fluxoid  piiuiing  of  some  films  are  also  promising,  particularly  the  flux 
flow  transistor.  The  availaUliQ^  of  both  Josqrhson  and  flux  flow  devices  at  77K  invites 
exploration  of  hybrid  technologies  using  HTS  multi-chip  modules  supporting  silicon 
CMOS  chips  and  superconductive  chips  at  the  same  time.  The  superconductive  contribution 
to  the  emerging  applications  can  result  in  significant  perfmmarKe  advantages,  particularly  in 
remote  sensing  and  communications. 

INTRODUCTION 

The  Rapid  Single  Flux  Quantum^  (RSFQ)  Josephson  junction  family  of  digital 
cLcuits  was  invented  before  the  discovery  of  high  temperature  superconductivity.  The  flux 
flow  transistor^  (FFT)  was  developed  using  classic  helium  temperature  superconductive 
materials.  Superconductive  microwave  devices^  are  also  not  new.  CMOS  semiconductors 
have  been  developed  for  reasons  having  nothing  at  all  to  do  with  competition  from 
superconductive  devices.  But  all  of  these  independent  advances  are  now  linking  up  with  one 
another  as  a  result  of  the  discovery  and  unique  maierial  properties  of  high  temperature 
superconductivity  (HTS)  oxides,  and  the  steady  improvement  of  HTS  thin  films  and 
structures.  Applications  in  radar  and  communication  using  passive  devices^  are  most 
imminent,  because  the  structures  are  simple,  and  the  improvement  over  the  normal-state 
equivalent  is  large.  Signal  processing  and  data  switching  circuits  are  also  under 
development,  but  will  require  a  lot  more  materials  understanding  to  be  equally 
advantageous.  This  paper  reviews  the  progress  that  has  been  made  in  depositing  high 


quality  HTS  films  on  appropriate  substrates,  and  relates  this  progress  to  device  and  circuit 
properties  needed  for  various  applications. 

FILMS 

Many  other  papers  in  this  conference  deal  with  the  details  and  complexities  of  film 
deposition.  Here  we  list  two  of  the  major  techniques  used  now,  with  some  comments  on  the 
relative  merits.  Despite  a  lot  of  early  work  using  coevaporation^,  the  presently  preferred 
methods  are  sputtering^  and  laser  jd>lation^.  These  work  in  gmilar  ways.  They  both 
involve  transport  of  material  fiom  a  stoichicxnetric  target  to  a  heated  substrate.  In  ablation 
this  transport  is  accomplished  by  focusing  a  nanosecond  scale  laser  pulse  of  sufficient  energy 
onto  the  target  The  pulse  heats  the  target  immediately  under  tlw  surface,  vaporizing  it  and 
causing  an  explosive  discharge  of  material  perpendicular  to  the  target  surface.  Some  of  the 
ejected  material  is  energetic  enough  to  be  in  the  form  of  a  plasma;  sonae  is  2q)parently  in  the 
form  of  particles  and  droplets.  A  heated  substrate  a  few  centimeters  away  collects  the 
material  to  build  up  a  fihn.  Laser  ablated  films  are  typically  of  hi^  quality,  with  excellent 
stoichiometry,  and  good  supeicondcutive  parameters. Work  is  progressing  to  inqjrove 
surface  roughness,  and  to  lumdle  larger  (>5  cm)  wafers.  The  deposition  rate  for  small 
wafers,  however  is  fairly  rapid,  typically  a  few  Angstroms  per  second. 

The  sputtering  method  is  in  many  ways  complementary  to  laser  ablation.  It  is  slow, 
often  in  the  range  of  0. 1  Angstroms  per  second.  It  is  easy  to  scale  up  to  large  wafers,  with  5 
cm  diameters  common,  and  10  cm  under  development  The  most  common  kind  of  sputtering 
is  with  rf  magnetron  systems,  using  an  off-axis  geometry.  In  the  (^-axis  arrangement,  the 
substrates  are  orthogonal  to  the  target,  and  usually  off  to  the  side,  to  avoid  direct 
bombardment  by  negative  ions.  These  are  ionized  oxygen  atoms,  which  can  come  fixxn 
either  the  sputter  gas  or  the  target  itself,  and  which  arc  energetically  emitted  from  the  target 
Under  conditions  vdiidi  minimiTe  resputtering  fiom  hot  surfaces  in  the  vicinity  of  the 
substrate,  sputtered  YBCX)  films  were  the  first  to  be  grown  without  the  presence  of  CuO 
precipitates.  Smooth  films  resulting  fiom  the  eliminatioo  of  CuO  panrticles  have  al«^  been 
produced  by  laser  ablation  by  en^loying  an  off-axis  configmation^.  The  off-axis 
configuration  reduces  the  high-deposition-tate  advantage  of  iMer  ablation  compared  to 
sputtering.  The  ultimate  importance  of  uniform  deposition  on  large  wafers  should  be 
emphasized.  For  this  purpose  other  deposition  techniques  such  as  MOCVD^  may  prove  to 
be  the  best  technique.  For  now,  however,  ablation  and  sputtering  produce  the  best  filmy 

Choice  of  substrate  is  extremely  important  to  the  successful  completion  of  useful 
circuits.  SrTI03  substiate^^  can  be  used  to  grow  very  high  rpiali^  filmy,  but  with  an 
extraordinarily  high  dielectric  constant,  which  rules  it  out  for  any  high  qieed  applications. 
LaA103^1  has  a  much  lower  dielectric  constant,  approximately  24,  and  has  been  used 
successfully  for  single  layer  applications,  such  as  microstrip  or  co^lanar  microwave  filters 
and  delay  lines.  It  has  not  worked  so  well  for  multi-layer  circuits,  however,  because  of 
motion  of  twin  boundaries when  the  wafer  is  heated  for  application  of  new  HTS  layers. 
The  moving  twins  can  shift  the  bottom  film  layers  by  several  midons  over  the  width  of  even 
a  one  centimeter  chip,  making  alignment  of  subsequent  layers  impossibie.  At  the  oximent, 
NdGa03^3  appears  to  be  the  substrate  of  choice  for  multilayer  circuits.  It  has  a  low 
dielectric  constant,  similar  to  LaA103,  without  the  shifting  twins. 

Consideration  of  multi-layer  structures  also  determines  the  choice  of  HTS  film 
materiaL  The  materials  with  the  highest  Te’s  are  TBCCO,and,  recently,  HgBCCO^^,  but 
their  lack  of  stability  means  that  for  now  there  is  no  way  to  produce  multiple  levels.  YBCO 
has  proven  to  have  the  best  combination  of  transition  temperature  and  superconductive 
properties,  and  with  enough  stability  so  that  subsequent  layos  can  be  formed  without 
degradation  of  prior  layers. 


In  addition  to  superconducting  Sltns,  epitaxial  insulating  films  are  required  in 
multilayer  superconducting  circuits  for  isolation  of  ground  planes,  crossovers,  lumped- 
element  capacitors  and  inductors,  and  flux  transformers.  Epitaxial  growth  is  not 
necessarily  required  to  obtain  desired  properties  for  the  insulator  but  is  necessary  to 
support  growth  of  subsequent  high-quali^  superconducting  film  layers.  The  obvious 
candidate  materials  for  epitanal  insulai^  are  the  same  ones  that  work  well  as  substrates. 
Other  oxide  and  fluoride  conqxMinds  which,  for  example,  cannot  oe  grown  as  large  single 
crystals,  but  have  a  good  lattice  match  to  YBCX)  have  been  tested.  Figure  1  summarizes 
the  dielectric  loss  properties  of  various  thm-film  dielectrics  studied  at  Westinghouse  in 
ctmaparison  with  minimum  requitemeats  estimated  for  several  applications.  The  loss 
tangent  is  based  on  data  fiom  bulk  samples  and  the  dc  resistivi^  at  77K  was  measured  on 
parallel-plate  capacitor  structures  with  YBCO  on  the  bottom  or  on  both  sides.  Both  the 
SrTi03  and  Sr2AlTa05  (SAT)15  g^w  as  pinhole-fiee  films  but  SAT  is  the  better  choice 
for  most  tqtplicadons  based  on  lower  values  of  both  the  real  and  imaginary  parts  of  its 
dielectric  constant 


Minimum  requirement  for  resistivity  and  Q. 

I  Measured  resistivity  of  epitaxial  films  grown  on  YBCO 
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Fig.  1.  Requirements  for  HTS  dielecttics,  and  the  peifomiance  of  some  known  examples.  These 
films  grow  epitaxially  on  appropriate  substrates,  and  support  epitaxial  growth  of  YBCO. 


It  is  possible  to  find  substrate  materials  that  arc  compadblc  with  both  HTS  films 
and  ordinary  semiconductor  devices,  so  that  hybrid  circuits  for  use  in  liquid  nitrogen  can 
be  produced  monolithically^^.  For  example,  a  layer  of  silicon  can  be  grown  epitaxially  on 


c3  .a 


is  known  as  Silicon  on  S2q)phiie.  or  SOS.  After  the  transistors  arc  formed,  areas  for  the 
HTS  devices  can  be  stripp^  down  to  the  substrate,  and  with  appropriate  buffer  films, 
good  YBCO  layers  can  be  grown  as  welL  The  750  C  temperature  will  not  hurt  the 
transistors,  particulaiiy  if  the  HTS  deposition  is  quick,  as  in  laser  ablation. 

HTS  Applications 

We  can  mcpect  commercial  and  military  use  HTS  films  for  microwave  passive 
components,  such  as  filtera  or  deli^  lines,  in  the  near  future;  and  as  ground  planes  and 
interconnection  wires  on  multi<chip  modules  further  out  in  timr..  Passive  microwave  devices 
using  HTS  films  are  paiticulariy  atxacdve  because  they  coml^  yay  low  insertion  loss  with 
small  size  and  low  weight  In  fact  even  including  the  necessary  teMgeration,  use  of  such 
devices  sdll  saves  space  and  wdg^t  and  provides  a  performance  edge^^.  A  prototype 
Westinghouse  X-band  filter  is  shown  in  Hg.  1,  and  the  measured  performance  of  a 
prototype  bank  of  four  filters^^  is  shown  in  Hg.  2. 


Fig,  2.  A  Westinghouse  4  GHz  HTS  filter.  The  wafer  is  approximately  5  cm  kmg.  Such  filters  will  out¬ 
perform  nonnal  components  with  dimensions  of  30  or  more  cm,  and  weighing  many  Idlogiams. 


In  the  longer  term,  HTS  film  structures  can  be  expected  to  play  a  key  role  in  the 
interconnecdon  of  semiconductor  chips  CMOS  silicon  devices  work  better  at  77K  than 
room  temperature.  The  operating  voltage  is  lower,  there  is  less  tfissipation,  and  switching 
faster.  By  putting  low  temperature  silicon  chips  on  a  HTS  board,  this  speed  advantage 


can  be  increased  because  of  the  nearly  lossless  charactensucs  ot  mo  nucru^uip 
transmission  lines.  The  advantage  could  be  increased  even  further  if  hybrid  CMOS  HTS 
circuits  are  developed  to  drive  these  transmission  lines. 


0 


20 


40 

Insertion  Loss  (dB) 

60 


80 


Fig.3.  Measured  chacactaisdcs  of  the  Wesdnghouse  prototype  filter  bank.  The  four  triangles  at  the  top 
mark  the  intended  center  frequencies. 

HTS  Active  Devices 

The  classical  sqterconductive  active  device  is  the  Josepbson  junction,  in  one  form  or 
another.  Several  other  types  of  active  devices  have  also  been  developed  in  classical 
technology,  including  FET-like  and  bipolar-like  devices^,  and  also  a  rather  successful 
group  of  devices  which  control  the  movement  of  magnetic  flux,  or  flux-flow  devices.  In 
HTS  technology  at  present,  two  types  have  achieved  some  success,  the  Josephson  junction 
and  the  flux  flow  devices.  However,  the  relative  success  of  these  two  are  reversed,  relative 
to  classical  superconductive  technology.  The  flux  flow  devices  in  many  ways  take 
advantage  of  some  natural  properties  of  HTS  material,  whereas  Josephson  junctions  have  to 
fight  against  them. 

Josephson  junctions 

It  is  very  difficult  to  make  the  exact  analog  of  a  classical  Josephson  junedon  out  of 
HTS  materials.  The  trouble  stems  from  a  combination  of  extreme  anisotropy  due  to  the 
layered  nature  of  HTS  superconductors,  and  their  very  shon  coherence  lengths  (roughly  3 
to  30  Angstroms).  This  means  that  superconductivity,  and  hence  the  Josephson  effects,  are 
suppressed  at  almost  all  interfaces  of  these  materials.  Usable  junctions,  however,  have  been 
made  in  some  clever  ways. 

For  electronics  the  most  successful  methods  so  far  involve  "edge  junctions^ 
where  some  property  or  configuration  is  altered  where  a  film  goes  up  over  an  edge  of  an 
underlying  film,  usually  an  insulator.  In  some  cases,  a  thin  normal  metal  at  the  edge 
provides  the  coupling  between  films,  in  others  a  deposited  oxide  is  used.  Fig.  4  shows  a 
typical  step-edge  geometry  where  gold  couples  to  HTS  films  across  a  small  (100  nm)  gap. 


Josephson  juncdoa.  Where  parasitic  capacitance  has  been  large,  hysteresis  has  alM  been 
observed  but  never  with  a  true  gap  structure.  Therefore  these  junctions  are  not  suited  for 
many  of  the  classical  superconductive  circuit  families  that  require  hysteresis  or  a  sharp  gap. 

There  is  one  class  of  digital  circuits  which  require  just  what  edge  Josephson 
junedons  seem  to  deliver,  and  that  is  the  R^d  Single  Flux  Quantum  ^  (RSFQ)  type  of 
circuit  RSFQ  circuits  do  not  use  voltage  or  current  levels  to  represent  ones  and  zeroes,  as 
all  transistor  and  most  supereonducdcive  circuits  do.  Rather,  bits  are  represented  by  the 
presence  or  absence  of  quantized  Chixoids  in  dififerent  parts  of  the  circuits. 

‘  Quandzaliaa  of  magnedc  flux  is  an  integral  part  of  supcreonductivc  circuits,  where 
the  magnedc  flux  a  superconductive  path  is  forced  to  take  on  a  value 

corresponding  to  an  int^ial  multiple  of  =2.07x10*  Webers.  It  is  relatively  simple,  by 
controling  indnctance  and  critical  cunent  values,  to  control  the  moaon  of  angle  flux  quanta, 
or  fluxons,  in  sopercondnedve  drcoits  using  Josephson  junedons.  Rg.  5  below  con^ares  a 
simple  RSFQ  circuit  for  nansmitling  fluxons  to  a  mechanical  analog.  The  maible  clearly 
corresponds  to  the  fluxon,  and  the  firing  loaded  gates  are  roug^ily  analagous  to  Josephson 


Fig.  4,  Coaflgaratiaa  of  an  HTS  stqi-«(^e  Jbsepiuoa  juncdoa.  On  the  riglit  is  a  sebematk  cross 
section,  showing  the  two  layers  of  YBCO,  the  aisalaliiig  step,  and  the  gold  layer  that  provides  tiw 
Josephson  coupGiig.  On  the  left  is  a  top  view  of  a  device  fabricated  at  Westinghouse  using  this 
structure. 

junedons.  The  bias  current  exerts  a  force  on  the  fluxon,  via  the  Lorentz  force,  as  gravity 
applies  a  force  to  the  marble.  It  is  possible  to  achieve  any  logic  funedon  using  some  fluxons 
to  control  the  modon  of  other  fluxons  through  their  interaetkn  with  the  Josephson 
junedons.  In  this  approach  it  is  necessary  to  use  some  Josephson  junctions  to  allow  surplus 
fluxons  to  escape  fiom  the  circuit,  as  one  could  use  spring  loaded  gams  in  the  mechanical 
analog  as  trap  doors  to  dispose  of  excess  marbles. 

The  focus  of  research  on  edge  junctions  is  to  find  ways  to  minimize  the  spread  in 
cridcal  current  values.  At  present  it  is  common  for  junedons  on  the  same  chip  to  have  a 
critical  curent  spread  of  50%  or  more,  though  some  have  been  produced  with  spreads  of 
only  about  20%.  This  magnitude  of  variation  is  sufficient  for  only  the  smallest  digital 


circuits,  with  at  most  a  few  dozen  juncdoos.  To  fulfill  the  potenuai  ox  is-or^  cacutu,  wiui 
thousands  of  junctions,  critical  current  spreads  of  at  most  a  per  cent  or  two  will  have  to  be 
developed.  At  the  moment,  a  certain  type  of  nanobridge  junction^^  is  much  better  than  the 
edge  geometry  for  minimizing  current  spread,  but  these  junctions  have  critical  currents  too 
low  for  reliable  operation  at  liquid  nitrogen  temperature,  and  are  not  amenable  to  higher 
currents. 


Fig.  5.  Groiparison  of  simple  RSPQdicuit  10  a  medumicai  analog.  The  Josephsoo  circuit  treats  the  fluxon 
as  conserved  particle,  foic^  through  the  dicak  by  bias  cunents,  like  the  marble  forced  down  the  ramp  by 
gravity.  The  Josqthson  junctioas.  labeled  with  Ps,  act  like  the  spring  loaded  gates  that  intetaa  with  the 
marble  on  the  ramp. 

Flux  Flow  Transistors 

HTS  thin  films,  paiticulatly  those  based  on  thallium  compounds,  allow  fluxons  to 
flow  relatively  ficely  through  diem.  This  property  is  referred  to  as  "weak  pinning,"  and  is 
the  basis  for  the  Flux  Flow  Transistor  (FFl'l,  a  true  three-terminal  superccmductive 
device^^.  Figure  5  schematically  compares  the  control  of  flux  motion  in  an  FFT  to  charge 
motion  in  an  FET.  Figure  6  shows  the  IV  curve  of  a  large  scale  FFT  a  few  millimeters  on  a 
side,  made  firom  a  piece  of  bulk  oeranne  YBCO,  with  a  coil  wound  around  it  For  a  load  of 
a  few  milliohms,  it  is  tqiparent  that  this  device  has  both  current  and  voltage  gain.  Smaller 
devices  fabricated  with  thin  films  have  produced  similar  gain  or  transimpedance,  with  much 
smaller  currents  and  higher  voltage. 


Fig.  6.  Analogy  between  charge  transport  in  the  channel  of  an  FET  and  magnetic  Hux  transport  in 
the  channel  (HTS  thin  film)  of  an  FFT. 
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Fig.  7.  Current'VoUage  characteristics  of  HTS  bulk  FFT  derice.  Vcleraa  eagineers  will  note  the 
similarity  to  vacuum  triode  characteristics. 

Maitens^'^  has  shown  many  circuits  udng  these  devices,  including  nherowave 
amplifiers,  oscillators,  and  (figital  logic  and  memory.  Rom  a  dicuit  view  point,  the  main 
problem  with  these  devices  is  that  tfa^  are  so  fin  pretty  lealy.  That  is,  the  high  reastance 
state  is  sdll  a  fiurly  low  resistance,  gerMsrally  a  few  ohms.  Strong  in  their  fitvor  is  that  they 
can  be  made  fiom  a  a  sin^  HTS  film  dqiosition,  and  di^  have  been  reported  to  have  very 
high  effective  products,  sometimes  over  10  millivolts.  They  are  therefore  a  natural  for 
interfadng  to  semicondueuxs. 

There  are  opportnnities  to  use  flux  flow  supercondocove  devices  as  amplifiers  in 
agnificant  militaty  and  civilian  applications.  These  opportunhies  have  to  do  with  the 
interconnection  of  fiist  but  very  low  voltage  Josephson  junction  devices  with  the 
semiconducting  devices,  such  as  CMOS  circuits.  This  type  of  interconnection  could  take 
at  least  two  forms.  In  the  first  finm,  the  CMOS  circuits  are  the  ultimam  destination  of  the 
outputs  of  the  Josqihson  circuits.  For  example,  in  communicaiioos,  a  Josephson  signal 
processor  in  a  cryogenic  environment  is  of  no  value  unless  there  is  a  way  of  reading  the 
cryogenic  output  bytes  into  conventional  computing  equipment 

The  other  type  of  interconnection  would  be  between  Josephson  circuits  and 
CMOS  circuits  all  in  the  dewar.  There  is  at  least  one  proposal^,  for  example,  to  use 
Josephson  devices  as  output  drivers  for  FET  memory  cells,  hi  the  processor,  where  the 
memory  bytes  are  received,  another  superconductive  circuit  would  be  used  to  pick  up  the 
low  level  signal,  and  deliver  it  to  another  semiconductor. 


Multi-Chip  Modules 

A  natural  application  for  HTS  thin  films  is  in  multi-chip-tiKxlule^^  (MCM) 
technology.  Here  the  idea  is  to  eliminate  one  level  of  packaging  for  chips.  In  present 
desk-top  computers,  for  example,  chips  are  nsounted  in  epoxy  packages  with  multiple  pins 
sticking  put,  to  be  plugged  into  sorirnts  or  soldered  directly  to  printed  circuit  boards. 
MO.ls  eliminate  the  epoxy  package.  Bare  chips  are  mounted  to  the  board  by  various 
techniques,  including  wire  bonding,  and  flip<hip  soldering.  If  the  printed  circuit  board 


were  constructed  of  HTS  thin  films  and  appropriate  dielectrics,  several  advantages  could 
accrue.  Because  resistance  is  eliminated,  the  wiring  channels  could  be  put  on  a  much  finer 
pitch,  which  could  greatly  simplify  the  construction  of  the  boards.  Power  and  ground 
planes  would  be  more  ideal,  helping  to  fliminatf.  cross  talk  and  power  dips.  It  should  be 
possible  to  build  hi^  quality  transmission  line  structures,  with  either  strip  line  or  coplanar 
geometries.  If  terminations  can  be  used,  these  lines  could  be  charged  up  by  one-way 
transmission  of  the  signal,  and  so  HTS  MCMs  could  also  be  significantly  faster  than 
normal  metal  boards,  whidi  rely  on  multiple  reflections  to  transfer  data.  The  challenge 
here  is  to  find  ways  to  grow  Idgfi  quality  HTS  films  in  multiple  layers  with  companble 
insulatixs,  and  to  do  this  with  materials  having  an  acceptable  thormal  expansion  match  to 
the  chips  and  connectors.  Also  needed  arc  stable  and  reliable  interface  materials  for  all  the 
connections,  and  some  means  of  modification  and  repair. 
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Inductance  Measurements  in  Mulitlevel  High-Tc  Step*Edge  Grain  Boundary 

SQUIDS 
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We  report  the  fabrication  and  electrical  characterization  of  multilevel  high-Tc 
SQUIDs,  designed  for  digital  circuit  applications.  The  devices  feature  a  YBa2Cu307.5 
(YBCO)  ground  plane,  an  epitaxial  SrTi03  insulator,  and  a  YBCO  active  layer. 
Junctions  are  formed  by  the  step-edge  grain  boundary  process,  with  a  ground  plane 
contact  for  the  "low"  side  of  each  junction,  using  only  isotropic  sputtering  and  milling 
techniques.  Control  current  is  directly  injected  in  a  microstrip  segment  of  the  SQUID 
loop,  allowing  us  to  measure  the  microstrip  inductance,  and  thus  to  infer  the  magnetic 
penetration  depth  of  the  YBCO.  The  SQUIDs  are  operational  above  77K,  at  which 
temperature  we  infer  a  penetration  depth  of  330  nm.  The  temperature  dependence  of  the 
penetration  depth  is  found  to  be  in  reasonable  agreement  with  the  Gorter-Casimir  form. 
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We  report  the  first  demonstration  of  multilayer  high  temperature  superconducting 
(HTS)  SQUIDs,  in  a  configuration  suitable  for  digital  circuit  applications,  with  critical 
currents  of  a  magnitude  useful  for  circuit  operation  in  the  65  to  77  K  temperature  range. 
Further,  our  process  features  isotropic  film  deposition  and  etching  techniques,  with  no 
favored  direction  for  the  junctions,  and  thus  is  potentially  extendible  to  complex  circuits. 

The  development  of  a  high  temperature  superconducting  (HTS)  digital  circuit 
process  requires  the  development  of  reproducible  Josephson  junctions,  and  the  integration 
of  these  junctions  into  an  epitaxial,  multilayer  process.  Such  layers  would  include 
superconductors,  epitaxial  insulators,  and  probably  epitaxial  resistors.  Of  particular 
importance  is  the  use  of  a  superconducting  ground  plane,  in  order  to  keep  circuit 
inductances  values  both  low  and  well  defined. 

A  previous  report  by  Missert  et  al.  described  the  fabrication  of  step-edge 
superconductor-normal-superconductor  (SNS)  junctions  over  a  ground  plane,  using 
directional  deposition  of  the  YBCO  to  ensure  a  discontinuity  in  the  YBCO  over  a  step  in 
a  deposited  insulator,  with  a  noble  metal  deposited  as  the  normal  barrier.  *  These  devices 
operated  as  SQUIDs  only  up  to  20  K,  preventing  the  measurement  of  inductance  as  a 
function  of  temperature  up  to  the  more  useful  65  to  77  K  temperature  range. 

We  have  fabricated  step-edge  grain  boundary  junctions  over  a  YBCO  ground  plane, 
using  a  process  which  is  designed  from  the  outset  to  allow  junctions  to  be  fabricated  in 
four  directions,  for  flexibility  in  circuit  layout.  Since  the  fabricated  devices  operate  to 
above  77  K,  we  have  measured  the  inductance  of  a  microstrip  portion  of  the  SQUID  loop 
as  a  function  of  temperature,  and  have  inferred  the  temperature  dependent  magnetic 
penetration  depth  for  our  YBCO  films. 

Our  fabrication  process  uses  off-axis  RF  magnetron  sputtering  for  both  YBCO  and 
SiTiOa  films,  with  YBCO  sputtered  in  oxygen,  argon,  and  water, 2  and  SrTiOa  in  oxygen 
and  argon.  Typical  deposition  temperatures  were  in  the  670-700  C  range  for  both 
materials.  Substrates  were  silver  pasted  to  a  nickel  block,  which  rotated  during 
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deposition  to  ensure  uniformity  and  edge  coverage.  Patterning  of  each  layer  was  by 
argon  ion  milling  with  a  20  cm  diameter  RF  ion  source,  with  beam  energies  of  150  and 
300  eV  for  the  YBCO  and  SrTi03,  respectively.  Samples  were  clamped  to  a  water 
cooled,  rotating  sample  table.  The  choice  of  a  higher  voltage  for  the  SrTiOs  is  dictated 
by  the  need  for  a  well  collimated  beam  for  etching  of  sharp  steps  in  this  layer,  while  the 
slightly  more  divergent  beam  obtained  at  150  eV  is  more  suitable  for  milling  tapered 
edges  in  the  YBCO  layers.  An  end-point  deteetor  based  on  Secondary  Ion  Mass 
Spectroscopy  was  used  to  determine  when  to  terminate  each  etch  step. 

A  200  nm  YBCO  ground  plane  was  deposited  first  on  a  single  crystal  NdGa03 
substrate,  and  its  pattern  defined  with  photoresist,  with  a  process  designed  to  give  tapered 
photoresist  sidewalls.  The  film  was  etched  by  ion  milling  at  a  shallow  angle,  which,  in 
combination  with  the  tapered  resist,  ensured  that  the  edges  of  the  YBCO  should  be 
tapered  to  ensure  good  contact  with  the  second  YBCO  layer  and  good  coverage  by  the 
SrTiOs-  After  ion  milling  the  photoresist  was  stripped  using  a  combination  of  RF  oxygen 
plasma,  and  soaking  in  acetone.  We  have  found  from  XPS  observation  that  this  process 
leaves  the  surface  of  the  YBCO  relatively  free  of  both  hydrocarbons  and  carbonates. 

After  deposition  of  a  200  nm  SrTi03  layer,  another  photoresist  process,  this  one 
designed  to  produce  a  steep  resist  profile,  was  used  to  define  its  pattern.  Ion  milling  at 
close  to  normal  incidence  was  then  used  to  etch  the  SrTi03  film,  producing  sidewalls 
with  angles  thought  to  be  between  zero  and  twenty  degrees  from  vertical,  based  on  the 
observation  of  test  samples,  viewed  in  cross  section  in  an  SEM.  After  the  resist  clean-up 
a  second  200  nm  layer  of  YBCO  was  deposited,  followed  by  approximately  30  nm  of  Au, 
in-situ.  This  bilayer  was  then  patterned  by  photolithography  and  ion  milling,  with  no 
particular  precautions  taken  in  defining  the  profile  of  the  etched  material  for  this  last 
layer.  The  Au  was  left  on  both  to  provide  low  resistance  contacts  and  to  protect  the  grain 
boundary  junctions  from  processing  damage,  which  we  have  observed  in  “uncovered” 
junctions. 
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It  is  worth  noting  that  we  have  not  found  it  necessary  to  use  a  deposited  milling 
mask,  such  as  Nb  or  diamond-like  carbon  5  to  produce  sharp  steps  in  our  deposited 
SrTiOs,  a  significant  process  simplification.  This  is  also  in  contrast  to  our  own  work  in 
making  junctions  on  a  step  etched  into  the  NdGaOs  substrate,  where  a  metal  mask  was 
required  to  obtain  sharp  steps.  This  is  an  example  of  the  often  significant  differences  in 
the  etching  properties  of  the  various  materials  being  employed  in  HTS  process 
development. 

Figure  1  shows  the  geometry  of  the  fabricated  SQUIDs,  in  cross  section  and  plan 
views.  The  SQUIDs  incorporate  microstrip  inductors,  L^,  of  various  lengths,  into  which 
a  control  current,  Icont  can  be  directly  injected  to  provide  a  flux,  O  =  l^Icont-  The 
junctions,  of  width  6  or  10  pm,  contact  the  ground  plane  in  a  region  which  contains  a  grid 
of  holes,  allowing  both  c-axis  and  a-b-axis  contact  between  the  two  YBCO  layers. 

The  current-voltage  characteristic  of  a  typical  device  is  shown  in  Fig.  2(a),  and 
exhibits  generally  an  “RSJ-like”  behavior,  with  the  expected  downward  curvature.  The 
voltage  onset  is  actually  somewhat  sharper  than  expected  from  the  zero-capacitance  RSJ 
model,  possible  due  to  the  capacitance  associated  with  the  high  dielectric  constant 
(several  hundred)  of  the  SrTiOa. 

Figure  2(b)  shows  SQUID  voltage  versus  control  current,  for  various  values  of  the 
SQUID  bias  current.  Is ,  at  77  K.  The  period  of  this  modulation  is  determined  by  the 
inductance  of  the  microstrip  portion  of  the  loop,  Lfi,  including  any  parasitic  inductance 
associated  with  the  center  tap  and  the  ends,  through 

0) 

where  4>o  is  the  superconducting  flux  quantum.  By  measuring  this  period,  directly  from 
oscilloscope  traces,  as  a  function  of  temperature  we  determine  the  inductance  as  a 
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function  of  temperature.  This  is  shown  in  Fig.  3  for  a  50  pm  long,  10  pm  wide  microstrip 
inductor. 

To  infer  an  effective  penetration  depth,  X,  for  our  YBCO  films  we  assume  that  the 
two  films  are  identical,  and  use  the  following  expression  for  the  inductance  per  square  of 
a  superconducting  strip  over  an  infinite  ground  plane;  ^ 


where,  d  is  the  insulator  thickness,  w  the  microstrip  width,  b  the  superconductor 
thickness,  and  fc  is  a  factor  which  determines  the  field  strength  at  the  center  of  the  finite 
width  microstrip.  Using  our  nominal  values,  d~b  =  200  nm,  w=10  pm,  and  k-=1,  and 
measured  values  of  for  a  50  pm  long  microstrip,  we  solve  Eqn.  2  to  determine  X.  The 
result  is  shown  in  Fig.  4  as  a  function  of  temperature.  The  magnitude  of  the  inferred 
penetration  depth  is  in  good  agreement  with  measurements  by  other  techniques  (? 
reference?).  The  solid  line  in  Fig  4.  is  a  fit  to  the  Gorter-Casimire  form  for  the 
temperature  dependence  of  the  penetration  depth:  X(T)  =  Xo/fl-CffTc)^]^^,  using  the 
measured  zero-resistance  transition  temperature  of  86  K. 

In  summary,  we  have  fabricated  HTS  step-edge  grain  boundary  SQUIDs 
incorporating  an  HTS  ground  plane,  using  a  process  which  allows  junctions  to  face  in  all 
four  directions.  These  SQUIDs  have  critical  currents  of  a  magnitude  useful  for  digital 
circuit  operation  in  the  65  to  77  K  temperature  range,  and  exhibit  good  Josephson 
behavior.  Measurements  of  the  inductance  of  the  microstrip  portion  of  the  SQUID  loop 
have  allowed  us  to  infer  a  penetration  depth  for  our  YBCO  films,  whose  magnitude  and 
temperature  dependence  are  consistent  with  other  measurements,  and  with  the 
requirements  of  low-inductance  interconnects  in  digital  circuits.  Further  work  is  required 
to  determine  the  reproducibility  of  the  process,  especially  that  of  junction  critical  current. 
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Figure  3  -  SQUID  inductance  plotted  as  a  function  of  temperature.  The  solid  line 
simply  connects  the  data  points. 


Figxue  4  -  Magnetic  penetration  depth  normalized  to  =  0.2  pm  plotted  as  a  fimction 
of  temperature.  The  solid  line  is  a  Fc  to  the  Gorter-Casimir  form  of  the 
temperahire  dependence. 


0  20  40  60  80 

Temperature  (K) 

Figure  1  -  Schematic  view  of  the  multilayer  SQUID  structure  and  measurement 
configuration. 
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Figure  2  -  (a)  I-V  and  (b)  V-4»  characteristics  at  67K  for  a  multilayer  SQUID.  The  scales 
are  20  pV  and  100  pA  /  div  in  (a)  and  10  pV  /  div  in  (b). 


APPENDIX  27 


1994  ASC  Abstract 


Effect  of  Oxygen  Over-Doping  on  Properties  of  YBa2Cu30j^ 
Films*  J.  R.  GAVALER,  J.  TALVACCHIO,  and  R.  W.  WEINERT, 
Westinghouse  STC,  Pittsburgh,  PA.  USA  --Data  on  bulk 
YBa2Cu30j^  have  shown  that  optimum  superconductivity  is  obtained 
in  material  that  has  less  than  the  maximum  (stoichiometric)  oxygen 
content,  x=7.  By  controlling  temperature,  time,  and  oxygen  pressure 
we  have  prepared  films  of  YBa2Cu30jj  that  were  over-doped  with 
oxygen,  and  have  measured  their  properties.  In  extreme  cases  T^^’s 
were  degraded  in  these  films  to  ~85K  and  R^’s  to  >10  mO  (at  77K 
and  10  GHz).  Re-annealing  at  450* C  to  optimize  oxygen  content 
raised  significantly  but  only  had  a  marginal  effect  on  R^.  Larger 
improvements  in  values  were  obtained  by  annealing  at  higher 
(>700*  C)  temperatures.  Using  a  proper  annealing  schedule,  T^,  and 
Rj  of  the  over-doped  films  could  be  restored  to  Tj.>90K  and  Rj<0.5 
mO.  The  procedures  for  optimally  annealing  YBa2Cu30j^  films  and 
interpretations  for  their  efficacy  arc  presented  as  well  as  structural  data 
comparing  oxygen  over-doped  with  stoichiometric  films. 

*Supportcd  in  part  by  AFOSR  Contract  F49620*94-C-(X)21. 
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Laser  Patterning  of  YBajCusO,  Thin  Films  Protected  by  In>Situ 
Grown  SrTiOs  Cap  Layers,*  W.  KULA,*  R.  SOBOLEWSKI,  and 
V.  LOH,  University  of  Rochester,  Rochester,  NY  USA,  and  J. 
TALVACCHIO,  Westinghouse  Science  and  Technology  Center, 
Pittsburgh,  PA  USA  —  We  report  our  studies  on  a  non-invasive  laser 
technique  suitable  for  patterning  YBajCusOx  (YBCO)  films  through  a 
SrTiOa  (STO)  top  layer  of  the  YBCO-STO  bilayer  thin-film  structure. 
The  structures  were  deposited  in-situ  on  LaAlOj  substrates  and 
consisted  of  200-nm-thick  YBCO  films  with  100-nm-thick  single¬ 
crystalline  STO  cap  layers.  The  patterning  was  achieved  by  changing 
YBCO  oxygen  content  and  was  done  locally,  on  a  micrometer  scale, 
by  heating  up  the  structures  with  a  focused  cw  Ar-ion  laser  beam  in  a 
controlled,  oxygen  or  oxygen-free  atmosphere.  We  found  that  oxygen 
easily  migrated  through  the  STO  layer,  allowing  us  to  reversibly 
convert  the  underlying  YBCO  film  between  the  superconducting  and 
semiconducting  (virtually  insulating  at  low  temperatures)  phases.  We 
were  also  able  to  create  in  a  single  YBCO  film,  well-defined  regions  of 
various  electrical  properties.  A  number  of  planar  test  structures, 
including  microbridges  and  superconducting  field-effect  devices,  were 
fabricated  and  measured.  Our  studies  show  that  selective,  laser- 
enhanced  diffusion  of  oxygen  through  the  STO  cap  layer  can  be 
successfully  implemented  as  a  practical  method  of  patterning  and/or 
electrical  trimming  of  multilayered  YBCO  layer  circuits. 

*  This  work  was  supported  by  the  AFOSR  grant  No.  F49620-94- 1-0094  (UR)  and 
AFOSR  Contract  No.  F49620-94-C-0021  (Westinghouse). 

#  Also  at  the  Institute  of  Physics,  Polish  Academy  of  Sciences,  Warszawa,  Poland. 
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Multilayer  HTS  SQUIDs  for  Digital  Circuit  Applications’*' 
M.G.  FORRESTER,  A.  DAVIDSON,  J.  TALVACCHIO  and 
J.R.  GAVALER,  Westinghouse  STC,  Pittsburgh,  PA  USA  —  We  are 
developing  a  simple  multilayer  HTS  digital  circuit  process,  based  on 
two  layers  of  Y6CO,  and  one  epitaxial  insulating  layer  of  either 
SrTiOs  or  Sr2AlTa06.  Step-edge  grain  boundary  junctions  are 
fabricated  at  either  a  step  in  the  NdGa03  substrate,  or  a  step  etched 
partially  or  completely  through  the  deposited  insulator,  allowing 
junctions  to  be  either  grounded  or  floating.  Each  epitaxial  layer  is 
patterned  separately  by  ion  milling,  using  a  SIMS  probe  for  end-point 
detection,  with  particular  attention  paid  to  proper  cleaning  of  each 
layer  before  the  subsequent  high  temperature  deposition.  Our  initial 
multilayer  SQUIDs,  fabricated  with  a  SrTiOs  insulator,  have  allowed 
the  measurement  of  the  temperature  dependent  inductance  of  a  Y6C0 
microstrip  inductor  to  above  77  K,  from  which  we  have  inferred  the 
penetration  depth  of  YBCO  as  a  function  of  temperature.  Simple 
circuits,  such  as  shift  registers,  have  also  been  fabricated  and  are 
currently  being  tested. 


•  Supported  in  part  by  AFOSR  Contract  F4%20-94-C-0021 
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Properties  of  Passive  Structures  for  Multilayer  HTS  Digital 
Circuits*  J.  TALVACCHIO,  M.  G.  FORRESTER,  D.  L.  MEIER, 
and  J.  R.  GAVALER,  Westinghouse  STC,  Pittsburgh.  PA,  USA  — 
The  passive  structures  required  for  HTS  digital  circuits  that  must  be 
formed  at  high  temperature  (650-750°C)  were  evaluated  by  fabricating 
crossovers,  vias,  YBCOA^CO  contacts,  and  multiple  coverage  of 
steps  with  tiilayer  structures  of  YBCO  /  epitaxial  insulator  /  YBCO. 
Two  insulator  materials  were  used,  high-e  SrTiOj  and  relatively  low-e 
SraAlTaOe  (SAT).  The  deposition  conditions  for  both  insulators  had 
to  be  optimized  to  simultaneously  obtain  smooth  surfaces,  sufficiently 
high  oxygen  diffusion  rates  to  te-oxidize  underlying  YBCO,  and 
resistivities  in  planar  capacitor  structures  of  >  lO’  Q-cm  at  77K.  The 
particular  process  used  to  clean  film  surfaces  after  photolithography 
and  Ar  ion  milling  was  also  critical  in  obtaining  smooth  surfaces  for  a 
subsequently  deposited  film  layer.  For  the  non-planar  capacitor 
structures  formed  at  crossovers,  the  effective  resistivity  of  insulators 
decreased  as  a  fimction  of  line  width,  particularly  for  lines  less  than  10 
pm  wide.  However,  even  for  narrow  lines  patterned  in  the  top  YBCO 
layer,  critical  current  densities,  Jc(77K),  exceeded  10^  A/cm^. 

*  Supported  in  part  by  AFOSR  Contract  F49620-94.C-0021 
and  ONR  Contract  N00014-91-C-01 12. 


